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Abstract 

Medium chain triglycerides (MCT) from coconut oil, omega-3 polyunsaturated fatty 

acids from fish, phospholipids from dairy milk, and curcumin from turmeric all have been 

recognized for their anti-inflammatory and antioxidant properties. Curcumin is also a potential 

candidate for Alzheimer’s disease (AD) prevention; however, curcumin is poorly bioavailable 

unless emulsified. The milk fat globule membrane (MFGM) has natural emulsifying properties. 

I aimed to design an emulsion-based delivery system containing functional oils to encapsulate 

and deliver curcumin to the brain. I evaluated three commercial MFGM components with 

coconut and fish oils to produce emulsions with improved curcumin bioavailability. The 

emulsion structures were characterised by particle size, zeta-potential at the surface, 

microscopic structure, curcumin loading efficiency, and phospholipid distribution. All 

emulsions showed stable to particle size changes over 40 days at 4°C. Emulsion particle size 

decreased significantly with increasing concentrations of emulsifier, and presented negative 

zeta-potential varying from -50 to -20 mV, with the MFGM fractions creating significantly 

different charges and curcumin loading efficiency based on phospholipid and protein 

composition. All MFGM fractions efficiently created stable emulsions with small particle size 

and encapsulated curcumin. After simulated in vitro digestion, the emulsion with the highest 

phospholipid content had significantly higher curcumin bioaccessibility compared to the 

others. Fresh and digested emulsions and their components were assessed in the BE(2)-M17 

neuroblastoma cell model for amyloid- (A) toxicity. Emulsions composed of both fish and 

coconut oils provided greater protection against A toxicity compared to coconut oil alone. 

Curcumin was transported in vivo across the intestinal wall to the bloodstream and across the 

blood-brain barrier to the brain in rats fed all curcumin delivery formats. The kinetics of 

curcumin in blood and brain varied depending on the emulsion format. MFGM emulsions 

significantly reduced the curcumin and its metabolites peak time in blood and brain compared 

to the commercial curcumin preparation Meriva®, and all emulsions improved overall 

curcumin bioavailability and accumulation in the brain compared to free curcumin. A novel ex 

vivo approach using rat plasma samples directly in the neuroblastoma cell model requires 

further optimisation but demonstrated a significant interaction between gender and treatment 

on cell viability. 
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Chapter 1 - Introduction 

Alzheimer's disease (AD) is the most common form of dementia in people aged 65 or 

over, and accounts for 60 to 80% of neurodegenerative disease cases worldwide (World Health 

Organization [WHO], 2022). AD is a progressive neurodegenerative disease that causes 

impaired judgement, memory dysfunction, temporal and spatial disorientation and loss of 

lexical access (Sahni et al., 2011). The disease is believed to start years before symptoms 

appear, with a lengthy preclinical stage where pathological changes occur without symptoms. 

Before the development of clinical dementia, a stage characterized by memory complaints and 

mild cognitive impairment is observed (Gerstenecker and Mast, 2015). Pathologically, AD is 

characterized by the accumulation of intracellular neurofibrillary tangles and extracellular 

senile plaques of amyloid-β peptides (Aβ) (Sennvik et al., 2000). Its exact cause is still 

uncertain, but a series of factors can contribute to its onset, and despite years of extensive 

investigations, no curative treatments are available yet (Belkouch et al., 2016). 

The search and use of potential natural agents with efficient therapeutic effects against 

neurodegenerative disorders is essential and many researchers have focused on the role of diet 

and nutrition for prevention of AD. The food sector is concerned with developing functional 

foods with benefits for health and well-being. Some of the most important groups of foods 

pointed to be beneficial include polyunsaturated fatty acids and polyphenols, due to their 

antioxidant and anti-inflammatory activities. In general, foods containing bioactive compounds 

are related to the decline in the risk of important chronic diseases (Hernández-Ledesma et al., 

2017). 

The pathological processes in AD, as in many chronic diseases, are driven partly by 

oxidative stress. Regular intake of dietary antioxidants, such as curcumin, therefore may reduce 

the risk of AD development. However, many bioactive antioxidants are poorly bioavailable, 

often due to their hydrophobic nature. This presents a challenge to researchers: to retain 

bioactivity while increasing bioavailability, while simultaneously presenting the bioactive 

compound in a food format that consumers are willing to eat on a daily basis. For curcumin, 

improved delivery formats that can increase its effects are still not available and fully validated, 

suggesting that more research is needed to improve the bioavailability of curcumin and to 

create a suitable product for clinical trials. However, improved delivery formats that can 

increase its effects are still not available and fully validated, suggesting that more research is 
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needed to improve the bioavailability of curcumin and to create a suitable product for clinical 

trials. 

Research objectives 

The overall aim of this research is to design food formulations that can deliver bioactive 

compounds for prevention of Alzheimer’s disease. 

Objective 1. To identify food or food-derived bioactive compounds that are known to be 

beneficial for brain health, particularly Alzheimer’s Disease, from published literature and 

human clinical data (Chapter 2). 

Objective 2. To develop an oil-in-water emulsion for delivery of bioactive compounds 

identified in objective 1 (omega-3 fatty acids, MCT and curcumin), using milk fat globule 

membrane (MFGM) derived material as an emulsifier (Chapter 4). 

Objective 3. To determine the behaviour of MFGM stabilised emulsions under in vitro 

digestion conditions, with a focus on bioaccessibility of curcumin (Chapter 5). 

Objective 4. To assess the in vivo delivery, bioavailability, and metabolism of curcumin 

encapsulated in emulsions prepared using MFGM material rich in phospholipids (Chapter 6). 

Objective 5. To assess the effect of in vitro and ex vivo digested curcumin loaded emulsions 

against amyloid- toxicity in vitro using the M17 neuroblastoma cell line (Chapter 7).
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Chapter 2 - Literature review  

This review aims to provide current information on functional foods and discuss the 

relationship between diet and lifestyle in Alzheimer’s disease (AD.) An outline of the disease 

mechanisms and the main risk factors will be presented, and the effects of different food groups 

and lifestyle on AD risk will be discussed. The impact of individual functional components of 

foods will also be discussed, along with the potential for their use as a preventative approach 

to delay disease onset.  

2.1 Introduction  

AD accounts for 60 to 80% of cases worldwide and affects mostly people aged 65 or 

over (WHO, 2022). AD is a devastating neurodegenerative disease. Once the symptoms appear 

it is often too late for interventions as pathological changes precede the clinical symptoms. 

First observed signs are characterised by memory complaints and confusion and followed by 

mild cognitive impairment. As the disease progresses the memory impairment worsens to 

moderate and severe, causing memory loss, loss of verbal communication abilities, 

disorientation, and impaired judgment (Dubois and Albert, 2004, Sahni et al., 2011). Evidence 

suggests that pathologically, AD is characterized by the accumulation of intracellular 

neurofibrillary tangles inside neurons and extracellular senile plaques of amyloid-β peptides  

(Aβ) that can be observed in the brain, central nervous system, and also blood stream (Bateman 

et al., 2012, Atwood et al., 2003b). Its exact cause is still uncertain, but a number of genetic 

and environmental factors can contribute to its onset, such as age, genetic predisposition, level 

of education, presence of other non-communicable disease and lifestyle (Baumgart et al., 

2015). Despite 100 years of extensive investigations, no curative treatments are available yet. 

A recent guideline published in the Lancet (Livingston et al., 2020) suggests that up to 

35% of dementia cases could be potentially prevented through changes in lifestyle. Obesity, 

hypertension, diabetes and dyslipidaemia have all been associated with increased incidence of 

dementia and are all directly related to diet. Considering the strong impact food can have on 

AD, the search and use of potential natural agents with efficient therapeutic effects against 

neurodegenerative disorders is an important and growing field among researchers. Thus, the 

food sector is concerned with developing functional foods with positive benefits for health and 

well-being. Some of the most essential food groups shown to be beneficial include 

polyunsaturated fatty acids (PUFA) and polyphenols due to their antioxidant and anti-
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inflammatory activities. In general, foods containing bioactive compounds are correlated with 

a decline in the risk of chronic diseases (Hernández-Ledesma et al., 2017). 

The primary way bioactive compounds can prevent and treat some diseases is to act as 

antioxidants, especially in AD, where oxidative stress plays an important role. Curcumin, a 

natural phenolic compound isolated from the spice herb Curcuma longa, has been pointed as 

an effective natural treatment for AD. In AD, curcumin acts by inhibiting acetylcholinesterase 

(AChE) activity and protecting cells against Aβ toxicity (Ono et al., 2004). AChE is a crucial 

enzyme in the nervous system that regulates the neurotransmitter acetylcholine (Ach). By 

rapidly breaking down acetylcholine into its components, AchE terminates its action in the 

synaptic cleft, where nerve signals are transmitted. This ensures precise and controlled signal 

transmission, preventing prolonged excitation of neurons or muscle cells. AchE’s role in 

regulating acetylcholine levels is vital for maintaining normal nerve function and preventing 

overstimulation, contributing to the delicate balance in the nervous system (Massoulié, 2002, 

Soreq and Seidman, 2001).  

Curcumin also presents antioxidant activity and effectiveness in the inhibition of Aβ1-

42 fibrillogenesis (Serafini et al., 2017). However, it shows low bioavailability, which means 

that it cannot reach the therapeutic target at the desired dose even when consumed in high 

amounts (Naksuriya et al., 2014). The best way to overcome this challenge is to develop 

delivery systems to encapsulate curcumin and protect it from the gastrointestinal digestive 

system, thus increasing its delivery to blood and to the desired site of action. Due to curcumin’s 

high hydrophobicity and human physiology being essentially an aqueous-based system, oil-in-

water emulsions are suggested as the most prominent and effective choice to deliver curcumin 

and improve its use as a therapeutic compound (Araiza-Calahorra et al., 2018).  

Prevention strategies, such as diet and lifestyle, are considered necessary in the fight 

against AD. They can potentially reduce the risk, delay disease onset, and act as a preventative 

treatment against this devastating disease (Hooijmans and Kiliaan, 2008). 

2.2 Alzheimer’s disease 

2.2.1 Aging 

Ageing is a global occurrence that significantly impacts the structure of populations 

and has become one of the most remarkable social transformations of the twenty-first century. 

The number of older people is growing faster than the number of people in any younger age 
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group. This tendency is due to falls in fertility, declining mortality and medical advances 

(United Nations, 2017). As a result, the number of people aged 60 years or more has shown a 

considerable increase in the last few years in most countries around the globe (Figure 2.1). 

According to projections, this growth will be even more accelerated in the following decades 

(United Nations, 2017).  In 1980 the global population aged 60 years or more was 382 million; 

in 2017 it had more than doubled to 962 million older people worldwide. This number is 

projected to reach nearly 2.1 billion in 2050.  

Along with the increase in life expectancy, age-related health conditions are expected 

to rise. The body’s cellular functions and resistance to stress drops dramatically with ageing, 

becoming one of the main risk factors for cardiovascular diseases (CD) and neurodegenerative 

diseases (ND) (García-Serrano et al., 2020). It is important to note that a series of risk factors 

and biomarkers for CD overlap with those for ND, such as oxidative damage and microglial 

inflammation. This suggests that preventative strategies currently applied for CV disease could 

be relevant and replicated for ND including AD (Cole et al., 2005b).  

 
Figure 2.1.  Global population by broad age groups, 1980, 2017, 2030, 2050. Data source: United Nations (2017) 

To date, around 50 million people are living with dementia worldwide, and this number 

is projected to reach 152 million in 2050 (WHO, 2022). The onset of neurodegenerative 

disorders in a population brings consequences for many sectors, such as labour, financial 

markets, demand for goods, transportation, housing, health care and medical support (Serafini 

et al., 2017). In New Zealand, 70,000 people have dementia today, and this number is estimated 

to more than double by 2050, reaching a total of 170,000 patients in the country. The associated 

costs with dementia were $1.676 billion in 2016, representing a 75% increase since 2011 and 
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a projection to reach $4.6 billion by 2050 (Alzheimer’s New Zealand, 2021). Immediate efforts 

are needed to prevent and delay the onset of AD to minimize its impacts for individuals, their 

families and whanau, and society. 

2.2.2 Alzheimer’s disease pathology  

AD is a progressive neurodegenerative disease that causes loss of memory and 

cognitive function. The most accepted pathological characteristic of AD is the extracellular 

accumulation of the Aβ peptide as senile plaques primarily in the brain; however, Aβ can also 

be observed in lower levels outside of the brain, in the peripheral nervous system and in blood 

vessels in the brain  (Bateman et al., 2012, Atwood et al., 2003a). The disease was named after 

Dr. Alois Alzheimer. His ground-breaking discovery in the early 20th century laid the 

foundation for understanding the disease's pathology. The original disease description 

highlighted the presence of abnormal protein aggregates, specifically Aβ plaques and tau 

tangles, in the brains of affected individuals. These hallmark pathological features have become 

central in the study of Alzheimer's disease (Verhey, 2009). Research has since expanded our 

understanding of the disease's underlying mechanisms, revealing the involvement of 

neuroinflammation (Amoretti et al., 2002), gut microbiota alterations (Liu et al., 2020a), and 

oxidative stress (Behl, 1999) as potential contributors to Alzheimer's pathogenesis.  

In healthy individuals, the Amyloid-β Protein Precursor (APP) is broken down by the 

action of the enzymes α-secretase and γ-secretase, generating a soluble peptide that is easily 

eliminated by the body. In AD, γ-secretase interacts with β-secretase (BACE1) instead of α-

secretase, creating an insoluble Aβ peptide (40-42 amino acids), which tends to bond together 

and form plaques known as senile plaques mostly in the brain, outside of the neurons (Figure 

2.2), infiltrated by reactive microglia and astrocytes that create inflammation. This irregular 

folding and aggregation of peptides into senile plaques is associated with the initial 

development of neurodegeneration in AD (Kumar et al., 2015). The events that progressively 

develop following plaque development include increased calcium influx, oxidative stress, 

inflammatory processes, activation of kinase and phosphatase activities, cytokines, irregular 

regulation of transcription factors, and disruptions in ion channel and receptor gene expression 

(Park and Kim, 2002, Thapa et al., 2013).  
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Figure 2.2. Illustration of the amyloidogenic pathway. Amyloid precursor protein (APP) undergoes cleavage 

primarily by beta-secretase (β-secretase or BACE1), leading to the release of a soluble fragment and leaving a 

membrane-bound C-terminal fragment. Subsequently, gamma-secretase cleaves the C-terminal fragment, 

generating beta-amyloid peptides of varying lengths, with Aβ40 and the more toxic Aβ42 being prominent. The 

accumulation of Aβ42 promotes aggregation, forming amyloid plaques. Adapted from (Cole and Vassar, 2007) 

In addition to Aβ plaques, intracellular tau tangles may initiate the disease cascade in 

AD. Tau is a microtube-associated protein found in the central nervous system (CNS) and 

peripheral nervous system, primarily located in healthy neurons' axons (Neddens et al., 2018). 

Tau preserves the microtubules’ stability and monitors intracellular traffic (Li et al., 2019). The 

activation of the enzyme kinase transfers phosphate groups to tau, changing its shape to a 

hyperphosphorylated state and decreasing its affinity for microtubules. Consequently, a 

decrease in overall tubulin assembly destabilizes the microtubules and disrupts the intracellular 

transport system. In AD, the interruption of normal tau function leads to a cascade of events 

culminating with large amounts of phosphorylated tau accumulated inside the neurons, 

specifically in the cytoplasm. Accumulated tau forms intraneuronal neurofibrillary tangles 

(NFTs) culminating with neuronal death (Novak et al., 2018). The consequent impairment of 

tau function leads to an increase in mitochondrial function burden, followed by mitochondrial 

dysfunction and ends with releasing reactive oxygen species (ROS) (Lin and Beal, 2006). c-

Jun N-terminal kinases (JNK) are protein kinases involved in stress signalling pathways. 

Stressing elements, such as those formed in AD pathology including pro-inflammatory 
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cytokines, oxidative stress, growth factors, and Aβ peptides activate the JNK pathway, thereby 

contributing to the damage caused by AD (Yarza et al., 2016). 

In the pursuit to understand the mechanisms of AD, a number of models, both in vitro 

and in vivo, have been used to simulate and understand the complexities of this 

neurodegenerative disorder. In vitro models involve the use of neuronal cells, often derived 

from human pluripotent stem cells, exposed to various stimuli to induce pathological features 

of AD. These models provide a controlled environment to study molecular and cellular aspects 

of disease progression, enabling the investigation of specific cellular responses, such as 

amyloid-beta aggregation and tau hyperphosphorylation (Hardy and Selkoe, 2002, Takashima, 

2006). On the other hand, in vivo models aim to mimic the complex relationship of cellular, 

anatomical, and systemic factors present in the living organism. Transgenic mouse models 

expressing mutated forms of human amyloid precursor protein (APP) and tau protein have been 

key in the understanding of AD pathology. These models allow researchers to study the effects 

of potential therapeutic interventions on cognitive decline and neuropathology in a more 

complete context (Games et al., 1995, Götz et al., 2004). 

 Both in vitro and in vivo models have their respective strengths and limitations. While 

in vitro models offer control over experimental conditions and facilitate high-throughput 

screening, they may oversimplify the complex interactions present in the brain. In contrast, in 

vivo models capture the systemic and physiological aspects of AD but can be resource-

intensive and time-consuming . The synergy between in vitro and in vivo models contributes 

to a comprehensive understanding of Alzheimer's disease, offering insights into cellular and 

molecular mechanisms while also considering the systemic context in which the disease 

develops. By utilizing a combination of these models, researchers can uncover novel insights 

into the processes underlying AD and pave the way for the development of effective therapeutic 

strategies (Heneka et al., 2015, Ransohoff, 2016). A more in depth discussion on the use of 

cellular and animal models has been published elsewhere and can be referred too for further 

details. The authors highlighted several major pathogenic mechanisms of AD that were 

discovered using mutated mice, and discussed the shortcomings of animal models and the need 

for more reliable cellular models (Trujillo-Estrada et al., 2022).  



 9 

2.2.3 Risk factors 

The disease involves genetic and non-genetic risk factors. It can present an early 

(congenital) onset and a late (sporadic) onset. Only about 5- 10% of cases are congenital, being 

mainly correlated to mutations in three different genes (APP, PSEN-1, and PSEN-2) that alter 

the production of Aβ and cause an overabundance of the peptide. The more common late-onset 

AD is responsible for 90-95% of the cases. Inheritance of the ε4 allele of apolipoprotein E 

(ApoE4) is considered as a genetic risk factor; it will not necessarily be responsible for the 

disease onset, but it might increase the probability for those who carry the allele. This allele 

can affect the disease progression, the degree of neuronal loss, the accumulation of Aβ plaques 

and cholinergic activity (Sahni et al., 2011). The non-genetic factors involved in the late-onset 

disease variant are advanced age, diabetes, obesity, traumatic brain injury, hormone levels, 

cardiovascular disease, air pollution, level of education, level of physical exercise and dietary 

choices (Livingston et al., 2020, Barnett et al., 2013). Age is the highest risk factor, with 

incidence and prevalence of the disease increasing dramatically after 60 and practically 

doubling every five years after 65 (Esposito et al., 2002). In this sporadic form of AD, the 

primary pathological aspects of the ageing process are the damage that oxidation causes to 

neuronal molecules, the accumulation of iron molecules in specific areas of the brain, and the 

inflammation processes that lead to a proliferation of reactive microglia (Gerlach et al., 2003).  

The majority of the AD risk factors, such as age and hormone levels, are not modifiable. 

However, diet and lifestyle can be adjusted and applied as a preventative strategy to reduce or 

delay the disease onset (Hooijmans and Kiliaan, 2008). Presently the number of synthetic drugs 

available to manage this disease is limited, and none are a true preventative or cure. Several 

natural compounds, such as bioactive food compounds, have been investigated to prevent and 

delay the onset of AD. Early intervention through changes in food habits could potentially 

reduce the incidence or delay the onset of this devastating disease.  

2.3 The role of diet in late-onset of Alzheimer’s disease 

Diet and health are strongly connected. More than ever, food has been designed for its 

functional properties and aims to reach specific groups, such as infants, the elderly, athletes 

and people with particular health conditions. Furthermore, the increase in life expectancy has 

increased the need and request from consumers for healthier diets to provide better life quality 

for the ageing population. (Heinrich and Prieto, 2008).  



 10 

Inflammation and oxidative stress are two of the main factors acting in the early stages 

of AD. By reinforcing the disease cycle, they can amplify the damaging effects. Thus, 

epidemiologic studies suggest that antioxidant, anti-inflammatory, and neuroprotective agents 

derived from plants and healthy food might protect against AD. The most accepted way these 

components can positively affect the disease progression is by scavenging reactive oxygen 

species (ROS), downregulating the production of pro-inflammatory cytokines, and 

strengthening antioxidant defence in neurons. Furthermore, specific diets, such as the 

Mediterranean Diet (MeDi), have been correlated with a lower occurrence of AD (Steele et al., 

2007). The MeDi diet is composed primarily of vegetables, fruits and fish, all rich sources of 

antioxidants.  

The brain consumes 20% of the oxygen inhaled, providing the necessary elements for 

brain function but increasing free radicals and oxidation within the tissue. It also contains 

elevated concentrations of iron and polyunsaturated fatty acids, both of which are easily 

oxidized. In addition, the brain’s metabolism is mainly glucose-based, and the respiratory 

turnover is high. Altogether, those factors make the brain vulnerable to oxidative damage 

(Prasad et al., 1999). Furthermore, most other tissues in the body are equipped with antioxidant 

defence enzymes that help with the clearance of free radicals. However, in the brain, the levels 

of those enzymes are low and consequently not as efficient at free radical clearance. The 

increased production and reduced clearance cause a disparity between prooxidants and 

antioxidants, leading to a state of oxidative stress in the brain (Behl, 1999). 

Food is an essential source of nutrients and energy to the body. It is through the delivery 

of essential nutrients that cells receive the energy needed to maintain body function. However, 

the components of food can extend beyond essential nutrition. A series of foods and food 

groups have been classified as functional foods. The term can be broad and is often 

misinterpreted or misused. Still, the category of ‘functional foods’ was recently defined as 

food, in either its natural or industrially processed state, that can provide potential non-nutritive 

health benefits when consumed regularly and at sufficient levels (Granato et al., 2017).  

Neuroprotection is one of the many potential health benefits of functional foods. It can 

occur through a variety of mechanisms, including that of antioxidant activity and the prevention 

of neuronal death (Drukarch and van Muiswinkel, 2001). Fruits and vegetables are a rich source 

of essential vitamins that have been positively correlated with cognition. When consumed in 

high amounts, vitamin C, vitamin E, and carotenoid-rich sources such as fruits and vegetables, 

have been positively associated with improvements in cognition and reduced risk of dementia 
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in the elderly (Ferrari, 2001). Vitamins act as natural antioxidants, protecting the brain from 

oxidation. In addition, tea polyphenols and lipoic acid are known to protect the brain from 

neurodegeneration (Ferrari, 2007). Antioxidant-rich diets containing caffeine from coffee and 

tea, epigallocatechin-gallate esters from green tea, anthocyanins from plum juice, resveratrol 

from red wine, and components of Ginkgo biloba have been shown to inhibit Aβ production or 

aggregation and slow down cognitive decline in animal models (von Arnim et al., 2010).  

The relationship between nutrition and cognition is associated with individual food 

components and nutrients as well as dietary patterns. The interaction of different nutrients in a 

diet may increase possible benefits through additive or even synergistic effects (van den Brink 

et al., 2019). The intake of antioxidant-rich food groups, such as fruits and vegetables, and 

those rich in omega-3 (ω-3) fatty acids, such as nuts, vegetable oil, and fish, have been related 

to reduced AD risk. Conversely, diets rich in refined sugar and saturated fats from meat and 

dairy sources have been associated with increased risk of AD (Otaegui-Arrazola et al., 2014). 

In dietary patterns, reduced risk of AD has been linked to the MeDi, a diet composed mainly 

of a high intake of vegetables, fruits, nuts, seeds, legumes, potatoes, whole grains, fish, seafood 

and extra virgin oil; medium intake of poultry, eggs, yoghurt and cheese; low intake of red 

meat, sweets and saturated fats; and moderate consumption of red wine (Davis et al., 2015). A 

recent study by Rayne-Smith and collaborators examined for the first time the relationship 

between adherence to the MeDi and the accumulation of Aβ. Their findings indicated a 

potential beneficial effect of high adherence to the Medi on cognition and reducing Aβ in older 

adults with cognitive impairment (Rainey-Smith et al., 2018). In addition to neuroprotective 

effects, the high and regular intake of fruits and vegetables is strongly associated with reducing 

cardiovascular and coronary heart disease (Keys, 1995) (Liu, 2003).  

Similar to the MeDi, the Dietary Approaches to Stop Hypertension (DASH) diet 

consists mainly of vegetables, fruits, lean meat and whole grains. The key daily food 

components of the DASH diet are approximately: five servings of vegetables, five servings of 

fruit, less than six small servings of lean meat, two servings of low-fat dairy products, seven 

servings of whole grain carbohydrates, and two to three servings of fats and oils. In addition to 

daily recommendations, a weekly intake of nuts and seeds four to five times and fewer than 

five servings of sweets is suggested. It is important to note that the carbohydrates indicated in 

the diet are healthy ones, such as root vegetables (potatoes), cucurbits (pumpkins) and whole 

grains, rather than processed carbohydrates. The quality of the fat consumed in this diet is also 

crucial to ensure beneficial effects and should be sourced from olive oil, nuts, avocado, hemp 
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seed, flaxseed and fish rich in ω-3 fats (Challa HJ, 2021). The DASH diet is designed to 

improve cardiovascular conditions by reducing blood pressure and serum uric acid levels in 

people suffering from hyperuricemia (Rai et al., 2017). 

In 2015, Morris and collaborators proposed a new diet combining the MeDi and the 

DASH diet and called it Mediterranean-DASH Diet Intervention for Neurodegenerative Delay 

(MIND). This diet consists of MeDi and DASH diets adjustments according to relevant 

findings from previous research in dementia. The adjustment that makes the MIND diet 

exclusive is the suggested consumption of green leafy vegetables and berries specifically, but 

not other fruits (Morris et al., 2015). High adherence to the MIND diet slowed cognitive decline 

after stroke in a community cohort of 106 people. The study has a follow up of 5.9 years and 

adjusted the scores of cognitive tests for sex, education, age, and the APOE-4 allele (a genetic 

AD risk factor), smoking, caloric intake and physical and mental stimulation (Cherian et al., 

2019). An ongoing study will analyse the effect of the MIND diet over three years of 

intervention in a cohort of 604 people aged 65 to 84 years old and at risk for AD. The findings 

from this study is expected to provide a better understanding of dietary patterns and their link 

with cognitive health (Liu et al., 2021b).  

Table 2.1 provides a comprehensive list of studies that assessed the role of food or 

dietary patterns in AD. It is important to reinforce that besides diet, physical activity has also 

been associated with healthy ageing. Regular moderate exercise is believed to reduce the risks 

of dementia and cognitive decline, and that was observed in the Canadian Study of Health and 

Aging, where a 42% reduction in the risk of cognitive decline and a 50% reduction in risk of 

dementia were observed in a cohort of people aged 65 years or older (Ferrari, 2007). In a study 

by Liang and collaborators, the levels of AD biomarkers (Aβ and tau) in cerebrospinal fluid 

were analysed in a cohort aged 55 to 88 years old who self-reported their levels of physical 

exercise. They observed a positive correlation between high levels of exercise and lower AD 

biomarkers in cognitively normal older adults (Liang et al., 2010). Even though physical 

activity has been suggested as a potential intervention for preventing AD, this review will focus 

on the effects of diet and possible food-based interventions.
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Table 2.1. Summary of natural bioactive compounds tested against AD biomarkers in vitro/in vivo and their primary outcomes 

PUBLICATION HYPOTHESIS TESTED RESEARCH FINDINGS 

(Barberger-Gateau et al., 2007) 
Relationship between dietary patterns (fruits, vegetables and ω-3) and risk of 

dementia and AD in 8.085 non-dement participants ager 65 or more 

Decreased risk of dementia after daily consumption of fruits and vegetables, 

reduced risk of AD and dementia after weekly consumption of fish (ω-3 PUFA) 

in ApoE4 noncarriers 

(Krikorian et al., 2010) 
Effects of daily consumption of wild blueberry juice in a sample of nine older adults 

with early memory changes 

Improved word list recall and paired-associate learning; reduced depression 

symptoms after 12 weeks of intervention 

(Patil et al., 2013) 
Effect of curcumin, EGCG and resveratrol on the upregulation of BAG2 and 

LAMP1 proteins (involved in tau clearance) in rat cortical neurons 

Different concentrations of compounds up-regulated BAG2; EGCG upregulated 

LAMP1 levels at higher concentrations; curcumin doubled BAG2 levels at low 

concentrations and downregulated levels of phosphorylated tau 

(Nafar, 2014) Effect of coconut oil on cortical neurons treated with Aβ in vitro 

Improvement in cell survival in cultures exposed to Aβ and treated with coconut 

oil compared to those exposed only to Aβ; attenuated mitochondrial alterations 

induced by Aβ 

(Chang et al., 2015) Effect of caffeic acid in memory improvement of rats fed with a high-fat diet (HFD) Caffeic acid significantly improved memory impairments in HFD rats 

(Hu Yang et al., 2015) Effect of coconut oil on memory of patients with AD  

Coconut oil significantly improved memory in the treatment group compared to 

the control; the improvement was dependent on gender, diabetes and degree of 

dementia 

(Morzelle et al., 2016) 

Effect of pomegranate peel extract (PPE) on  

spatial memory, neuroplasticity, oxidative stress and inflammation in a mouse model 

for AD 

PPE improved spatial memory compared to control in Barnes maze; reduced Aβ 

plaques; reduced acetylcholinesterase activity; increased the expression of brain-

derived neurotrophic factor 

(Jeyapriya Raja Sundaram, 2017) 
Effect of curcumin on neuroinflammation (cyclin-dependent kinase 5-Cdk5) and 

neurodegeneration in p25Tg mice 

Curcumin prevented p25-mediated glial activation and pro-inflammatory 

cytokines and chemokines production in p25Tg mice; reduced p25-induced tau/ 

Aβ pathology 

Rho et al. (2019) 
Inhibitory effects of phenolic compounds from fermented tea (Camellia sinensis L.) 

against A aggregation 

Catechin gallate (CG), epicatechin gallate (ECG), and epigallocatechin gallate 

(EGCG), significantly decreased Aβ aggregation at a concentration of 10 μg/mL, 

compared to the positive control, Aβ alone 

Abbreviations: Omega-3 (ω-3); Alzheimer’s disease (AD); Polyunsaturated fatty acids (PUFA);  Apolipoprotein allele-4 (ApoE4); Bcl-2-associated athanogene 2 (BAG2);  

Lysosomal-associated membrane protein 1 (LAMP1); Epigallocatechin gallate (EGCG); Amyloid-β (Aβ); High-fat diet (HFD); Pomegranate peel extract (PPE); cyclin-

dependent kinase 5(Cdk5); Catechin gallate (CG), epicatechin gallate (ECG).
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2.4 Dietary risk factors for AD  

2.4.1 Saturated fat 

As much as food can positively impact health, it can also be one of the main risk factors 

for many conditions and cause severe damage to the body. High intake of fat, refined sugar, 

and processed food often culminates in obesity, leading to hypertension, high cholesterol, and 

diabetes (Sinha and Haque, 2022). Type 2 diabetes is strongly correlated with mild cognitive 

impairment and dementia and is caused by insulin resistance and pancreatic β-cell dysfunction 

(Koekkoek et al., 2015, Groeneveld et al., 2018, Qiu et al., 2014, Biessels et al., 2014).   

Among food groups, saturated and trans fats have been associated with increased risks 

of dementia and AD (Laitinen et al., 2006, Luchsinger et al., 2002). A regression analysis was 

perform by Grant (1997) to identify the correlations between fat intake and AD in 18 

community-wide studies from 11 different countries. The main finding was that the total 

calories and fat consumed in different countries had the highest correlation to the prevalence 

and incidence of AD (Grant, 1997). 

A meta-analysis of four prospective cohort studies concluded that a higher intake of 

saturated fats increased the risk of AD by 39% and the chance for dementia by 105%. They 

also analysed the dose-dependent risk and observed a 15% increase in the risk for AD with an 

intake of saturated fats of 4g/day (Ruan et al., 2018). Some animal trials have proved that a 

high intake of saturated fats can increase Aβ deposition. In a transgenic mouse model for AD, 

Aβ deposition was significantly higher for animals fed only with saturated fats but lower when 

the ω-3 PUFA DHA was incorporated into the diet (Oksman et al., 2006). However, a clinical 

trial conducted by Hooper and co-workers could not find an association between erythrocyte 

membrane saturated fatty acids and A deposition in the cortex of a human cohort aged 70 

years or older (Hooper et al., 2017), suggesting that dietary fats may act or be deposited 

selectively in organ systems rather than in a systemically equivalent fashion. 

The Rotterdam Study is an ongoing long-term study that started in the mid-1980s. It 

arose from the increase in life expectancy, changes in the population’s demography and the 

possibility of a population suffering from age-related conditions. The study aimed to evaluate 

an extensive cohort for psychiatric, neurological, locomotor, cardiovascular, respiratory, 

endocrine, hepatic and ophthalmological diseases (Oeppen and Vaupel, 2002, Hofman et al., 

2007, Ikram et al., 2020a). The selection of the cohort started in 1989 and recruited people aged 
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55 years or more, with no exclusion criteria. Since the first recruitment, extensions of the cohort 

have been added; in 2000, people aged 45 to 54 years were added and in 2016, people aged 40 

or more were allowed to join the cohort bringing the total number of subjects to 14,926 

subjects. This selection was expected to be completed by 2020 and yield approximately 3000 

new participants (Ikram et al., 2020b).  

A high intake of saturated dietary fat seems to be associated with cognitive decline. A 

study looked into dementia development over 26 years of follow-up (1990-2016), and found 

that 1489 subjects (~1%) from 156,088 were diagnosed with dementia  (Licher et al., 2019, 

Wolters et al., 2019). In an earlier update, around two years after the baseline assessment, 1.1% 

of the cohort developed dementia, from which 72% were diagnosed with AD, 12% with 

vascular dementia and 16% with other types of dementia. Subjects that had a high intake of 

total fat, saturated fat and cholesterol presented an increased risk of dementia and were strongly 

associated with vascular type dementia (Kalmijn et al., 1997). The Chicago Health and Aging 

Project study also identified a positive correlation between saturated and trans-fat intake and 

the risk of developing AD. Using mixed models to analyse the data after adjustment for 

demographics, intake of antioxidants and other dietary fats and cardiovascular risk, authors 

observed that higher intake of saturated fat and trans-unsaturated fat  were linearly associated 

with greater decline in cognition over 6 years (Morris et al., 2004).   

2.4.2 High carbohydrate diet 

The intake of highly processed carbohydrates with a high glycaemic index promotes a 

rapid rise in blood glucose levels following meals. The continuous consumption of diets rich 

in processed carbohydrates can lead to insulin resistance and diabetes (Seneff et al., 2011a). 

Diabetes mellitus and cardiovascular disease are the main concerns for those suffering from 

metabolic syndrome, a combination of metabolic imbalances in the body that can lead to 

increased risk of dementia and AD. According to clinical studies, patients with type-2 diabetes 

have a two to five times increase in the risk of AD (Ott et al., 1999, Nicolls, 2004). A more 

recent study observed a correlation between mild cognitive impairment and early dementia 

with type-2 diabetes, where authors used advanced multimodal magnetic resonance imaging 

(MRI) and found grey matter atrophy to be the main correlation between the conditions 

(Groeneveld et al., 2018).  

Fructose, a common sugar used in processed foods, is believed to be ten times more 

reactive than glucose in inducing glycation, a non-enzymatic and spontaneous reaction between 
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free reducing sugars and free amino groups of proteins, DNA, and lipids. This reaction creates 

Amadori products that are dehydrated and rearranged in a series of irreversible reactions, 

culminating with the formation of advanced glycation end products (AGEs) that are not 

eliminated and contribute to oxidative stress in ageing (Kim et al., 2017, Seneff et al., 2011b). 

A high carbohydrate diet is proposed to disturb the homeostasis of lipids in the central nervous 

system, mainly by reducing the delivery of essential fatty acids. This mechanism is responsible 

for compromising cellular membrane integrity and consequently decreasing the functions of 

membrane proteins such as APP. In addition, elevated insulin/insulin growth factor signalling 

can accelerate cellular damage. Those mechanisms are responsible for a disturbance in 

cholesterol metabolism that promotes increased processing of APP, decreased cellular 

trafficking, and the generation of Aβ peptide (Henderson, 2004). Therefore, it has been 

proposed that a reduced intake of carbohydrates and increased intake of essential fatty acids 

(EFA) might effectively prevent AD.  

2.5 Bioactive food components beneficial for AD 

2.5.1 Omega-3 polyunsaturated fatty acids 

The three major dietary ω-3 PUFA are α-linolenic acid (ALA; C18:3), eicosapentaenoic 

acid (EPA; C20:5) and docosahexaenoic acid (DHA; C22:6) (Riediger et al., 2009). PUFA are 

often categorized as EFA, or those that the body cannot produce and need to be obtained from 

the diet. They are responsible for the mediation of brain functions from infancy to ageing and 

are involved in a series of brain-related disorders (Yehuda et al., 2005b). These fatty acids are 

constituents of cell membranes and as such are key components for membrane fluidity.  

EFA play important role in the transfer of oxygen from the air in the lungs to the 

bloodstream, the manufacture of haemoglobin and the production of energy.  They are found 

in high concentrations in the brain, and are crucial for its proper function including the normal 

transmission of nerve impulses, cell growth and division, and nerve function (Yehuda et al., 

2002). The effects of PUFA in particular on brain functions include modifications of membrane 

fluidity, the activity of membrane-bound enzymes, the number and affinity of receptors, the 

function of ion channels, the production and activity of neurotransmitters and signal 

transduction (Yehuda et al., 2002). They have been shown to regulate cell survival, 

neurogenesis, brain inflammation and synaptic function (Bazinet and Layé, 2014). In AD, the 

levels of total PUFA are reduced, altering the membrane structure and contributing to oxidative 

stress (Yehuda et al., 2005a). An increase in dietary consumption of those fatty acids is 
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associated with improvements in brain health and membrane fluidity. Studies suggest that a 

high intake of ω-3PUFA from fish and marine oils may lower AD risk (Boudrault et al., 2009).  

With the inclusion of ω-3 PUFA into neuronal membranes, the total cholesterol is 

reduced, strongly affecting membrane fluidity, viscosity and permeability, all essential 

properties for synaptic plasticity and neurotransmission of complex cognitive processes 

(Yehuda et al., 2005a, Wassall et al., 2004). The period of infancy, when the brain is 

developing, and of ageing, when the brain is more vulnerable to oxidation damage, are the two 

more critical life stages for brain function, and adequate EFA and PUFA is crucial (Yehuda et 

al., 2005b). The blood-brain barrier (BBB) is key to the delivery and bioavailability of PUFA 

to the brain, as fatty acids whether produced by the body or obtained from the diet are perceived 

and used in the same way by the brain. Phospholipids are important cell membrane components 

that contain fatty acids, and the lipid component in the brain has a relatively high turnover rate. 

(Yehuda et al., 2000). Among AD patients, the decrease in EFA and PUFA is severe and 

contributes to cognitive decline and synaptic loss (Yehuda et al., 2002). Some studies (Yehuda 

et al., 2002) looked into the supplementation with EFA and PUFA and showed that it could 

correct the deficiency.  

A series of authors have suggested that moderate fish consumption as a source of ω-3 

PUFA can reduce the risk of cognitive impairment (Fotuhi et al., 2009, Conquer et al., 2000, 

Hooijmans and Kiliaan, 2008, Cherian et al., 2019, Morris et al., 2015). The neuroprotective 

effects of ω-3 PUFA depend on distinct and interconnected molecular mechanisms (Florent-

Béchard et al., 2009). Membrane fluidity is increased with increased ω-3 PUFA consumption, 

generating improvement in neurotransmission through the enhancement in functionality and 

affinity of ion channel receptors and the signalling due to increased binding receptors (Farkas 

et al., 2002). In addition, they can promote increased fluidity by replacing the more pro-

inflammatory omega-6 fatty acids and cholesterol from the membranes (Yehuda et al., 1998, 

Heron et al., 1980). The brain is a lipid-rich organ, and phospholipids compose around 25% of 

its dry weight. It appears that the health benefits of ω-3 PUFA are related to the incorporation 

of these fatty acids into the membrane phospholipids (Clandinin et al., 1994). As in other 

tissues, ω-3 PUFA in the brain act by producing fewer inflammatory and aggregatory 

eicosanoids, and the absence of these may enhance and preserve brain function (Uauy Dagach-

Imbarack and Dangour, 2006). To better understand the relationship between ω-3 PUFA, 

specifically DHA, in AD patients, Tully and collaborators conducted a case-control study using 

a cohort of 148 people, separated into 4 groups, diagnosed with AD based on the Mini-Mental 
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State Examination (MMSE) compared to a control group. The serum cholesteryl ester-fatty 

acids were used as a biomarker, and they observed significantly lower levels of the biomarker 

in the AD groups compared to control (Tully et al., 2003). 

DHA is the major ω-3 PUFA in neuronal membranes as it comprises 30–40% of the 

neuronal phospholipids, mostly as phosphatidylethanolamine and phosphatidylserine (Yuen et 

al., 2005, Lauritzen et al., 2001). DHA and EPA can affect brain function through the 

production and operation of neurotransmitters such as serotonin and dopamine, inhibition of 

phospholipase A2, and inhibition of protein kinase C (Riediger et al., 2009). ω-3 PUFA are 

known for their anti-inflammatory properties, and it has been suggested that they may delay 

the onset of AD by reducing inflammation in the brain; this correlation was strengthened by 

the finding of inflammatory markers in the brains of patients with AD (Honig, 2000). DHA has 

a flexible structure that can undergo inter-conversion, twisting its structure into different states, 

such that the terminal methyl end often approaches the membrane surface. That results in 

increase fluidity and reduced membrane thickness, which modulates the activity of proteins 

and vesicle fusion/formation (Marszalek et al., 2005, De Wille and Farmer, 1992, Poling et al., 

1996).  

The amount of DHA present in the brain membrane can be altered by diet and life stage 

(e.g. infancy and ageing) (Uauy and Dangour, 2006). In AD, the accumulation of Aβ is related 

to an inflammatory response that leads to activation of microglia and recruitment of astrocytes 

(Sastre et al., 2006). The incorporation of DHA and EPA in the diet can impact inflammatory 

diseases, such as asthma or atherosclerosis, suggesting that those ω-3 PUFA have an essential 

role in the regulation of inflammatory processes. A study using primary co-cultures of human 

neurons and glial cells to assess the effect of nanomolar concentrations of DHA found that cells 

treated with DHA reduced 20-25% of Aβ production and 50% of Aβ-induced cell apoptosis 

(Fifre et al., 2006).  

In AD, the abnormal cleavage of the APP protein leads to the creation of Aβ peptides 

through the amyloidogenic pathway. It has been demonstrated that DHA can promote the non-

amyloidogenic path (Figure 2.2), promoting reduced levels of Aβ in a cellular model for AD 

(Sahlin et al., 2007). In the non-amyloidogenic path, the activity of β and γ-secretase are 

reduced, preventing the interaction with APP to generate Aβ. DHA might facilitate the activity 

of α-secretase, consequently promoting the nonamyloidogenic processing of APP (Lim et al., 

2005). Florent and collaborators used rat cortical neurons to understand better the molecular 

basis of the effects of DHA treatment against Aβ oligomers and survival pathways. They 
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concluded that DHA protected cortical neurons from Aβ’s cytotoxic effect in vitro through the 

prevention of cytoskeleton perturbation and caspase activation, both of which are apoptosis 

biomarkers.  

Many animal, epidemiological, and clinical studies showed that DHA consumption is 

associated with reduced AD risk (Bourre, 2007, Freemantle et al., 2006, Green et al., 2007, 

Lukiw et al., 2005, Schaefer et al., 2006). In adult rats, learning and cognitive behaviour were 

related to DHA status/levels in the brain, which is believed to be associated with the amount 

of ω-3 fatty acids in the diet (Moriguchi et al., 2000). DHA in the form of fish oil 

supplementation in an AD rat model showed antioxidant effects in the rat’s brain corpus 

striatum, hippocampus and cortex (Florent-Béchard et al., 2007). Dietary PUFA has also been 

reported to induce differential gene expression pattern in the brain related to the myelination 

process. Aged rats fed with fish oil using a nutrigenomic approach revealed that the expression 

of several genes changed significantly, including the gene encoding the Aβ-scavenger 

transthyretin in the hippocampus (Florent-Béchard et al., 2009). Overall, DHA 

supplementation in rat and mouse models of AD seem to improve learning ability, protect 

against Aβ production, decrease neuronal apoptotic neurons, protect against dendritic 

pathology and increase synaptic protein and phospholipid densities (Hashimoto et al., 2005a, 

Hashimoto et al., 2005b, Hashimoto et al., 2002, Hooijmans and Kiliaan, 2008, Pepe et al., 

1999). It is important to note that rodent AD models have been designed to mimic an 

overproduction of Aβ, which is observed in the familial cases of dementia rather than the 

sporadic form of the disease, and thus may be an ineffective model to represent the early stages 

of the more widespread form of AD. 

Based on positive outcomes previously obtained from cell and animal studies, Quinn 

and collaborators conducted a randomized, double-blind, placebo-controlled trial to assess the 

effects of DHA supplementation in individuals with mild to moderate AD (MMSE scores, 14–

26). Participants were given 2g of either DHA or placebo, divided into two doses daily for 18 

months; this dose met the recommended daily intake for DHA [2 g to 4 g of EPA and DHA are 

recommended by the American Heart Association (Kris-Etherton et al., 2003)]. No reduction 

in the rate of cognitive and functional decline was observed in this cohort that received 

supplementation with DHA (Quinn et al., 2010). Conversely, a randomized, double-blinded, 

parallel-group comparative study found that ω-3 activated cognitive function in a cohort of 45 

participants 61-72 years old (Konagai et al., 2013). This group compared krill oil containing 

ω-3 PUFA incorporated in phosphatidylcholine, sardine oil containing ω-3 PUFA incorporated 
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in triglycerides, and medium-chain triglycerides as control. They found that ω-3 oils 

significantly improved cognition over 12 weeks as assessed by oxyhaemoglobin levels and 

P300 component concentrations in the cortex during memory and calculation tasks compared 

to the triglyceride placebo. It was hypothesised that between the two forms of ω-3 intervention, 

the phospholipids-incorporated format improved the delivery and effects in cognition, 

suggesting that phospholipid conjugation can improve bioavailability (Konagai et al., 2013). 

Another pilot trial evaluated the effects of ω-3 PUFA alone vs ω-3 plus alpha-lipoic 

acid (LA) vs placebo on oxidative stress biomarkers in 39 AD patients over 12 months. They 

found no difference in an oxidative stress biomarker (F2-isoprostane levels) between groups at 

the end of the study period and no difference between ω-3 alone and in combination with LA 

against placebo in the AD Assessment Scale-cognitive subscale or Activities of Daily Living. 

However, ω-3+LA showed a significantly reduced decline in the Mini-Mental State 

Examination and Instrumental Activities of Daily Living. The cohort used in this study was 

small and the authors suggested further investigations on the effects of ω-3 alone or in 

combination with LA were warranted (Shinto et al., 2014). Overall, the human data available 

presents some controversy and does not correlate with the apparent positive effects observed 

in in vitro and animal data, suggesting that there is still the need to investigate the impact of ω-

3 in AD. Perhaps the form of administration, such as conjugated, encapsulated or incorporated 

to a food product, would provide more palatability and could be used in clinical trials for more 

extended periods, in bigger cohorts and potentially provide significant health benefits and 

improvements in cognition. It is also likely that digestive and metabolic processes differ 

sufficiently across mammalian species to be part of the cause of the conflicted findings; it is 

not unusual for findings in rat and mouse models to fail to extrapolate to humans. 

 

2.5.2 Curcumin 

Curcumin is the main polyphenolic compound found in the rhizomes of the herb 

turmeric (Curcuma longa L.). Turmeric is comprised of 2–10% curcuminoids, with the three 

main types being curcumin (C, 40-80%), desmethoxycurcumin (DMC, 7-30%) and 

bisdemethoxycurcumin (BDMC, 1-30%). The amount of each curcuminoid can vary 

considerably according to seasonal and geographical changes as well as soil conditions; 

however, curcumin is invariably present in a higher amount than DMC or BDMC (Heger et 

al., 2014, Serafini et al., 2017). Curcumin has a molecular weight of 368.38 g/mol and a melting 
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point of 183°C (PubChem, 2004). The chemical structure of curcumin is composed of three 

bodies: two o-methoxy aromatic rings connected by a bridge that has seven carbons of α,β-

unsaturated β-diketone moiety (Figure 2.3). Due to its structure, curcumin can present three 

possible forms: two isomers in a keto-enol tautomeric form and one β-diketonic tautomeric 

form (Payton et al., 2007). The different structure conformations occur based on the pH in 

which curcumin is dispersed; the keto-form is prevalent under acidic and neutral conditions, 

while under basic (pH > 8) aqueous conditions or when dispersed in ethanol in the dark it 

presents the enolic form (Jovanovic et al., 1999, Kolev et al., 2005). The enol (hydrogen-

bonding) configuration is predominant in the crystal form, resulting in loss of molecule 

planarity (Tønnesen H.H., 1982, Kolev et al., 2005). The fact that curcumin has a neutral 

hydrophobic carbon bridge attached to either enol of keto polar forms facilitates the permeation 

across biological membranes including the BBB, and therefore this is a key mechanism for 

curcumin’s penetration and action in the brain (Balasubramanian, 2006).  

 

Figure 2.3. Curcumin chemical structure (PubChem, 2004) and illustration of turmeric (Curcuma longa) plant 

Turmeric has been used for centuries as a dye, culinary spice and food preservative. In 

addition, curcumin has a long history of use in traditional medicines of China and India due to 

a series of health-promoting properties, such as anti-tumour, anti-oxidant, anti-microbial and 

anti-inflammatory (Ammon, 1991, Takahashi et al., 2009, Yan et al., 2011, Ahmed and Gilani, 

2009, Bandyopadhyay, 2014, Bengmark, 2006). One of the first scientific reports related to the 

medicinal uses of curcumin was published in 1748 (Loeber, 1748). Since then, the interest in 

the investigation of curcumin’s health benefits has remained strong. A Lancet report published 

in 1937 explored findings by previous authors in the successful use of turmeric extract as a 

treatment for hepatic and biliary diseases (Oppenheimer, 1937). There remain gaps in 

understanding the health effects of curcumin, especially in humans, hence many studies are 

being conducted to investigate its protective properties against a series of conditions in in vitro, 
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animal and human studies. Turmeric has been administrated in a wide range of forms and 

formulations, such as fresh turmeric roots, pure curcumin powder and encapsulated through 

oral, intra-nasal, intravenous or topical creams delivery (Baek and Cho, 2017, Brouet and 

Ohshima, 1995, Huang et al., 1994, Lao et al., 2006, Marczylo et al., 2007, McClements and 

Xiao, 2017, Pan et al., 1999b, Wahlstrom and Blennow, 1978, Sharma et al., 2005, Lin et al., 

2009).  

One of the many benefits of curcumin is that it presents neuroprotective effects 

provided by different mechanisms acting on Aβ formation. These include low cholesterol 

levels, metal chelation, lipid peroxidation, reduced expression of BACE 1 and c-Jun N-terminal 

kinase (JNK)-mediated transcription (Figure 2.4) (Cole et al., 2005b). Researchers have 

observed that the incidence of AD is 4.4-fold lower in countries where curcumin consumption 

is high, such as India and China, compared to those where curcumin is not part of the diet such 

as the United States (Ganguli et al., 2000).  

  
Figure 2.4. Mechanisms of curcumin action in AD 

Curcumin is believed to modulate a series of molecular targets, cell signalling proteins, 

cytokines, chemokines, cycle proteins, enzymes, surface adhesion molecules and receptors 

(Jäger et al., 2014). It exhibits potent antioxidant effects through increasing the production of 

antioxidant enzymes, leading to the scavenging of excess ROS and inhibition of lipid 

peroxidation (Hewlings and Kalman, 2017). A study using rat liver mitochondria was used to 

assess the antioxidant effect of curcumin and its synthetic analogues on lipid peroxidation and 

protein oxidative damage. From seven tested analogues, including the intact molecule, five 
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were effective in inhibiting free radical-induced oxidation of phenolic groups (Wei et al., 

2006).  

In the inflammatory cascade, curcumin activates protein-1 transcription. It also inhibits 

the formation of pro-inflammatory cytokines such as IL-β, IL-8, TNF-α and reactive Glial 

fibrillary acidic protein, eventually promoting inhibition of the inflammation pathway. 

Lipoxygenase and COX-2 enzymes are involved in the synthesis of pro-inflammatory 

prostaglandins, thromboxanes and leukotrienes. Another enzyme involved in this process is 

inducible nitric oxide synthase (iNOS) that releases nitric oxide in addition to pro-

inflammatory cytokines. In addition, the inducible nuclear transcription factor-κB (NF-κB), is 

responsible for the regulation of genes involved in the immune and inflammatory responses. 

Those factors are directly related to the production and accumulation of Aβ and its consequent 

toxicity to the brain. Curcumin’s anti-inflammatory effects are mainly attributed to its powerful 

ability to inhibit those enzymes, alleviating the production of inflammation and toxicity-

inducing signalling molecules (Bengmark, 2006, Rao, 2007, Sandur et al., 2007, Liu et al., 

2017).  

The molecular structure of curcumin has been associated with its ability to bind with 

Aβ in vitro, suggesting that it could inhibit aggregation or even act on disaggregating Aβ fibrils 

or plaques in the brain. Yan and collaborators used an AD mouse model assess the efficacy of 

curcumin on Aβ clearance. They found that 0.8 μM of curcumin was sufficient to inhibit Aβ 

aggregation and that 1 μM was sufficient to disaggregate Aβ-40 in vitro (Yang et al., 2005). 

Besides preventing Aβ aggregation, curcumin can reduce plaque burden due to its anti-

inflammatory and antioxidant activities that inhibit cell signalling pathways, promoting cellular 

functions that protect against Aβ toxicity (Sharma et al., 2007). Curcumin’s strong ability to 

inhibit cytokines is believed to limit oxidative damage and inflammation induction of BACE1, 

the enzyme responsible for the initial steps of Aβ production (Kakar and Roy, 1994, Strimpakos 

and Sharma, 2007). The above factors have been validated in Aβ toxicity in different AD 

models, suggesting curcumin’s potential use as a multi-target intervention.  

Metals have been related to Aβ toxicity and aggregation. The chemical structure of 

curcumin, composed by two phenolic groups separated by a carbon bridge, promotes chelating 

activity of metals such as iron. Thus, curcumin also acts as an anti-oxidant by inhibiting metal 

catalysed peroxidation (Venkatesan and Rao, 2000). It has been shown that curcumin can 

reduce BACE1 expression in animal models submitted to elevated oxidative stress and 

inflammation. Curcumin inhibits cytokine and microglial activation related to neurotoxicity 
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through immunosuppression and immunomodulation. It also increases mRNA and 

immunostaining for the microglial phagocytosis markers CD11c and macrosialin, which are 

related to Aβ clearance (Cole et al., 2005b). The JNK-mediated Aβ aggregation and the tau 

protein aggregation are also supressed by curcumin (Cole et al., 2007). 

Curcumin has been tested against Aβ in a series of cell line models. Kim and 

collaborators used rat (PC12) and human (HUVEC) cells to assess the effect of curcumin, 

desmethoxycurcumin, and bisdemethoxycurcumin against Aβ toxicity. Doses of 3-7 g/ml of 

curcuminoids promoted an effective response in 50% of the cultured cells for both models 

(ED50), providing protection from Aβ toxicity. In addition, curcuminoids were more effective 

antioxidants than α-tocopherol as assessed using a DPPH radical trapping assay (Kim et al., 

2001). In an animal study, Lim and collaborators used a mouse model (Tg2576) that 

overproduces Aβ. They observed reductions in inflammation, oxidative damage and formation 

and accumulation of Aβ after curcumin treatment at low (160ppm) and high doses (500ppm) 

added to their chow and administered for 6 months. They hypothesised that the positive 

outcomes provided by curcumin were related to the suppression of microglia activation and 

reduction of glial fibrillary acidic proteins (GFAP). The lower dose tested in this study was 

enough to present the beneficial improvements of curcumin treatment (Lim et al., 2001b). 

Similar outcomes, including improvement in cognition, were observed in another study in 19 

month old female rats Sprague-Dawley rats infused with Aβ using and fed diets containing 

curcumin at 200 and 500 ppm in diet over three months (Frautschy et al., 2001).  

The Tg2576 mouse was also used as a model to assess curcumin’s BBB crossing and 

ability to bind with Aβ in vivo. Curcumin was injected (200 L of a 500 ppm solution) to reach 

around 2 M in the bloodstream. In vivo assays showed that curcumin crossed the BBB and 

bound with Aβ. In vitro assays using mouse brain as well as synthetic Aβ showed that curcumin 

inhibited aggregating (IC50 = 0.8 μM) as well as disaggregated fibrillar Aβ40 (IC50 = 1 μM). 

Curcumin proved to be more effective against Aβ40 aggregation than naproxen and ibuprofen 

and prevented Aβ42 oligomer formation and toxicity between 0.1 and 1.0 μM (Yang et al. 

(2005). 

Animal studies have shown that mammals have a high tolerance to curcumin even when 

administered in high doses. For instance, a study on rats assessed a single dose of 30% turmeric 

in diet and observed no toxic effects. In another study curcumin presented no adverse effects 

in rats and monkeys fed 1.8 g/kg per day and 0.8 mg/kg per day, respectively for 90 days 
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(Majeed et al., 1995). As curcumin proved to be safe in a series of animal trials and beneficial 

for cognition, subsequent clinical trials have been conducted to test the same effects in humans 

(Hamaguchi et al., 2006, Hamaguchi et al., 2010). Because of its potent anti-carcinogenic 

activity, curcumin has already been through extensive preclinical toxicology and clinical 

testing and has a very favourable safety profile (Kelloff et al., 1996).  

The metabolism of curcumin in humans promotes tolerance to high doses of curcumin 

with no significant side-effects. It is important to note that the metabolism of humans is 

different from other mammals and understanding those differences is therefore key in the 

development of delivery systems. Ireson et al. (2022) used subcellular fractions of human and 

rat intestinal and hepatic tissue as well as intact rat intestinal sacs to better understand curcumin 

metabolism. The authors found that curcumin conjugation was greater in intestinal fractions 

from humans as compared to rats, while in hepatic fractions the opposite was observed. They 

concluded that there is more metabolic activity in human intestinal tissue than rat intestinal 

tissue, with extensive conjugation and reduction of curcumin occurring in the former (Ireson 

et al., 2002).  

A phase 1 clinical trial recruited 25 individuals who were given 8g of curcumin per day 

and observed no toxic effects. The maximum curcumin concentration in serum was found at 1 

to 2 hours after oral administration and declined gradually within 12 hours (Chen et al., 2001). 

Although curcumin has been showed to be safe, some gastrointestinal discomfort in humans 

can be observed. For instance, one study found minor adverse effects after administration of 

high doses of curcumin. The study used 12 healthy human volunteers to assess the 

pharmacokinetics of a curcumin preparation after a single administration. Curcumin was given 

at dosages of 10g and 12g (n=6 per dose) and plasma concentration assessed for free curcumin 

and metabolites from 0.25 to 72 hours after ingestion. The adverse effects observed included 

headache, sore arms (unlikely to be related to treatment but possibly due to cannulation and 

posture) and yellow, loose stool one day after consumption. Those effects were reported by the 

authors as grade 1 following the National Cancer Institute Common Toxicity Criteria (version 

2.0) (Vareed et al., 2008). More details and studies on the safety and anti-inflammatory activity 

of curcumin have been reviewed elsewhere (Chainani-Wu, 2003).  

Even when administered in higher doses or in products formulated to increase 

bioavailability, curcumin concentration found in plasma is low and often unlikely to reach 

physiological concentrations capable of inhibiting inflammation. Cuomo et al. (2021) assessed 

the delivery of curcumin in a bioavailable lecithin formulation (Meriva®) to healthy humans 
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and found 29-fold higher absorption for Meriva® compared to unformulated curcumin. 

However, only phase-2 metabolites (submitted to conjugation reaction to convert the molecule 

to a more polar format through glucuronidation and sulfation) were detected, and plasma 

concentrations were still significantly lower than the required dose for anti-inflammatory 

activity (Cuomo et al., 2011).  

As a highly lipophilic compound, curcumin has the ability to cross the BBB (Wang and 

Pantopoulos, 2005). However, curcumin is rapidly metabolized by conjugation before reaching 

the BBB, and as a result, the brain bioavailability is very low (Kelloff et al., 1996). Despite 

being safe when administered at high doses, the low bioavailability due to high hydrophobicity, 

poor gut absorption, degradation at alkaline pH and rapid systemic elimination impose 

limitations to its pharmaceutical use and health benefits (Anand et al., 2007, Wahlström and 

Blennow, 1978). A study assessing curcumin bioavailability after administration of a very high 

daily dose (12g) to humans have detected only conjugated forms of curcumin in plasma, 

supporting the observations described above (Cuomo et al., 2011).  

To overcome its low bioavailability, researchers have been exploring alternatives ways 

to administer curcumin and reduce its excretion and metabolism. It has been suggested that 

adjuvants such as piperine, quercetin and turmeric oil could increase curcumin absorption 

(Wang et al., 1997). Due to the lipophilic nature of curcumin, its inclusion in lipophilic matrices 

has also been suggested and extensively explored, for example through the encapsulation in 

liposomes, emulsions, nanoparticles, solid-lipid nanoparticles and micelles  (Yallapu et al., 

2012). Another proposed strategy that has been gaining attention and has demonstrated efficacy 

in increasing curcumin bioavailability is its complexation with phospholipids. It is believed 

that curcumin’s polar groups can bond via hydrogen bonding and dipole interactions to the 

polar head groups of phosphatidylcholines. Semalty et al. (2010) found that curcumin strongly 

bonded to phospholipid micelles, which promoted a shield from hydrolytic activity, therefore 

protecting it against degradation in aqueous solution. Additionally, phospholipid complexation 

could directly increase the absorption of curcumin as they are rapidly absorbed to membranes 

(Semalty et al., 2010).  

It has been hypothesised that the majority of orally ingested curcumin is eliminated 

unmetabolized through faeces, while the absorbed minority is quickly converted to the water-

soluble metabolites curcumin glucuronide and curcumin sulphate. For instance, a study 

assessed the effect of curcumin and piperine co-administration through oral administration at 

2 g/kg body weight in rats and humans. The authors used the 20 mg/Kg body weight piperine 
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in an attempt to reduce curcumin conjugation and consequently increase bioavailability. They 

found a maximum concentration in serum of 1+0.26 μg/ml for curcumin alone and 1.5+0.25 

μg/ml for curcumin-piperine in rats. In humans the maximum curcumin concentrations were 

0.006+0.005 for curcumin alone and 0.18+0.03 μg/ml when administered in combination with 

piperine (Shoba et al., 1998). Curcumin alone was observed in higher concentrations in rats 

than humans, yet for both species the curcumin-piperine complex provided much higher 

concentrations and a significant increase in curcumin bioavailability.  

A study using mouse which used a much smaller dose (0.1 g/kg body weight) compared 

to the study by Shoba et al. (1998) (2 g/kg body weight), found 0.4 μg/ml in brain tissue (Pan 

et al., 1999a). Another study evaluated curcumin’s tissue distribution using tritium labelled 

drug and found detectable radioactivity in blood, liver and kidney after administration of 3 

different doses (10, 80 and 400 mg curcumin-tritium complex). The authors interestingly 

observed that more curcumin did not necessarily result in higher absorption, with a rate of 60-

66% of the given dose being absorbed for all doses (Ravindranath and Chandrasekhara, 1982). 

On the other hand, intraperitoneal or intravenous routes have shown better results. Yang et al. 

(2007) compared oral and intravenous curcumin routes in rats, and found that a dose of 10 

mg/kg given intravenously resulted in a maximum circulating concentration of 0.36 μg/ml, 

compared to only 0.06 μg/ml when given orally at 50-fold higher dose (Yang et al., 2007). 

Marczylo et al. (2007) found a 20-fold increase in curcumin bioavailability in a rat study in 

which a curcumin-phosphatidylcholine complex (Meriva®) was given at a dose of 340 mg/kg 

compared to unformulated curcumin. Another study found a 3.4-fold increase in curcumin 

absorption in the Meriva format against unformulated curcumin (Liu et al., 2006). Overall, the 

variations in products, doses, delivery formats, species utilised, and outcomes measured in 

these studies make them difficult to compare or draw overall conclusions from as to the optimal 

way to provide curcumin to humans. 

Several models have been developed to increase curcumin’s bioavailability by 

encapsulation and binding with other molecules to protect this compound through digestion or 

to increase its BBB crossing. Most of the studies in the literature have found beneficial effects 

using in vitro models and animal disease models; however, only a few of those escalated to 

human trials and even fewer found the effects in animal models extrapolated to humans. The 

reasons attributed to the difficulty in translating the effects from animal to human models are 

the differences in metabolic rates and digestion, the diversity of doses and forms of 

administration. These factors indicate that there is still a need to better investigate curcumin’s 
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metabolism and effects in vivo, as well as the need for development of technologies that enable 

curcumin to be incorporated in long-term clinical trials.  

2.5.3 Coconut oil 

Coconut oil is derived from the seeds of coconut palm (Cocos nucifera). It is composed 

of vitamin E, polyphenols and several medium chain triglycerides such as lauric acid and 

caprylic acid (Wallace, 2019). Virgin coconut oil (CO) is found and sourced from the fresh 

kernel of coconut fruit. It can be obtained through  mechanical or natural ways, with the use of 

heat or cold and without the need for chemical treatment (Villarino et al., 2007). Since its 

appearance in the market, CO has been well accepted by consumers as a functional food oil 

and the demand for the product continues to increase (Marina et al., 2009).  

CO is composed by a mixture of medium-chain triglycerides (MCT) and long-chain 

triglycerides (LCT) at a ratio of 3:1 (Liau et al., 2011). Approximately half of the fatty acid 

content in CO is lauric acid, a substance with broad-spectrum antimicrobial activity against 

bacteria, fungi and viruses (M.A. Hamid, 2011). MCT are easy to digest, absorb and oxidize 

in comparison to long-chain fatty acids. Short-chain fatty acids and MCT are easily solubilized 

in the aqueous phase of the intestinal contents as long as lipase is available for digestion, 

absorbed readily and carried to the liver where they release energy. They also present less 

deposition in adipose tissue (less obesity), decrease protein catabolism, and raise thyroid 

function (Srivastava et al., 2017). CO could help to reduce total blood cholesterol, triglycerides, 

and phospholipid in serum and tissues (Nevin and Rajamohan, 2004). Additionally, they 

elevate energy expenditure and metabolism, and are converted to energy in the liver directly 

instead of being store in adipose tissue (Liau et al., 2011).  

Nevin and collaborators used Sprague–Dawley rats to assess the effect of CO 

consumption on lipid parameters compared with copra oil consumption. They found that CO 

has positive effects in reducing lipid levels in serum and tissues of rats. CO reduced 

triglycerides, total cholesterol, LDL, phospholipids, and VLDL cholesterol levels and 

increased HDL cholesterol (Nevin and Rajamohan, 2004). A recent study used an AD animal 

model (receiving Aβ) and high-fat diet (HFD) to determine the effects of CO on inflammation 

and oxidative stress. CO reduced Aβ plaques and phosphorylated tau and improved 

hippocampus histological changes (Mirzaei et al., 2018). Another study examined the impact 

of coconut oil on APP gene expression and secretion of Aβ in a mouse neural crest-derived cell 

line(N2a cells) expressing the human APP gene (N2a/APP695). They found that coconut oil 



 29 

treatment decreased APP expression in N2a cells and reduced the secretion of Aβ40 and Aβ42. 

The results suggest that coconut oil promotes inhibition of APP and Aβ secretion (Bansal et 

al., 2019).  

Although CO has been used in cooking and baking, the consumption of pure oil in 

clinical trials can impose issues of dropout due to poor palatability. Based on the benefits of 

CO and the intertest in long clinical trials, the formulation of oil-in-water emulsions might 

increase palatability and facilitate consumption. Additionally, CO can be used in the 

encapsulation of lipophilic bioactive compounds increasing the beneficial effects against 

diseases. To elaborate a stable emulsion system using coconut oil, it is necessary to select an 

appropriate emulsifying agent. 

2.5.4 Milk fat globule membrane  

The milk fat globule membrane (MFGM) is a membrane surrounding the fat globules 

in mammalian milk. It is a complex system composed by several layers of proteins and lipids 

(Table 2.2) (Walstra, 2005). MFGM acts as a natural emulsifier to prevent flocculation and 

coalescence of the fat globules in milk and protects the fat against enzyme action (Singh, 2006). 

The proteins and phospholipids present in MFGM have gained interest due to their potential 

for nutraceutical applications and use as functional foods for the prevention or treatment of 

chronic diseases such as obesity, cancer, cardiovascular disorders and diabetes (Spitsberg, 

2005b). Along with their health-promoting properties, the emulsifying property of the MFGM 

components has attracted research interest for exploring their isolation and application as 

functional foods (Singh, 2006).   
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Table 2.2. Composition of Milk Fat Globule Membrane. Adapted from (Singh, 2006) 

MFGM composition 

Protein Lipids 

Mucin I (MUC1) Triglycerides 

Xanthine oxidase Diglycerides 

PAS III Sterols  

CD36 or PAS IV Free fatty acids 

Butyrophilin Phospholipids 

Adipophilin (ADPH) Sphingomyelin 

PAS 6/7a Phosphatidylcholine 

Fatty acid binding protein (FABP) Phosphatidyl ethanolamine 

BRCA1b Phosphatidyl inositol 

 Phosphatidyl serine 

  Lysophosphatidylcholine 
aPeriodic acid/Schiff 6 and 7 (PAS6 and PAS 7); bFatty acid binding protein BRCA1 and BRCA2 are involved in 

the inhibition of breast cancer.  

The use of MFGM as emulsifier and for encapsulation of nutraceuticals has been 

studied. For instance, Phan et al., (2013) compared the emulsifying properties of MFGM 

fragments concentrated from reconstituted buttermilk with those from buttermilk powder 

(BMP), skim milk powder (SMP) and sodium caseinate (SC). They found that emulsions 

prepared with MFGM material were more stable and presented smaller particle sizes compared 

to BMP, SMP and SC (Spitsberg, 2005b). The use of phospholipids and proteins derived from 

MFGM has also been studied. It is possible that the combination of both could create stable 

emulsions which may be of interest for use in the food industry. In one study, MFGM proteins 

and polar lipids (phospholipids) were use separately and in combination to examine their 

efficiency as emulsifiers. The authors found an interactive effect on droplet size of proteins 

and phospholipids at emulsifier concentrations lower than 2.3%. Proteins were found to 

preferentially adsorbed at the emulsion droplet surface compared with phospholipids (Phan et 

al., 2016).  

2.6 Delivery systems for bioactive compounds beneficial for AD 

Despite the numerous beneficial properties that curcumin offers, its low solubility in 

physiological fluids and limited bioavailability need to be addressed. The most accepted 

strategy is the development of efficient and effective delivery systems. Delivery systems offer 

the advantages of encapsulating bioactive components, protecting them through the 

gastrointestinal digestion and increasing their delivery to the desired site of action. They can 
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be tailored to achieve different physico-chemical properties, to promote palatable attributes 

and specially to control the release of the bioactive component of interest. The compatibility 

between the components of a system, as well as the feasibility and costs of large-scale 

production, are all important to the design and development a successful delivery system 

(McClements, 2018).  

A series of different delivery systems have been explored and used to deliver bioactive 

components, such as curcumin nanoparticles (Baek and Cho, 2017), casein micelles (Pan et al., 

2014), soy protein complexes (Taha et al., 2018), modified starch (Yuan et al., 2019), 

liposomes (Cheng et al., 2017), phospholipid complex (Bai et al., 2016), nano emulsions 

(Artiga-Artigas et al., 2018, Jintapattanakit et al., 2018), and emulsions (Acevedo-Fani et al., 

2017, Davidov-Pardo et al., 2016, Kharat et al., 2020). Emulsion-based delivery systems also 

present a wide range of applications and have been used in the market for decades. The 

versatility and acceptability of emulsion systems make them a good alternative to the 

encapsulation of bioactive components. Milk is the commonest and most widespread example 

of a natural emulsion system. 

2.6.1 Emulsion-based delivery systems  

Oral lipid delivery systems can be used to increase the bioavailability of poorly water- 

soluble drugs and functional ingredients. The lipophilic bioactive compound is encapsulated 

into the oil droplets, allowing for a controlled release. Emulsion-based delivery systems have 

been increasingly used in the food and pharmaceutical industries for controlled release, 

encapsulation and protection of bioactive compounds (Porter et al., 2007, Scheuble et al., 

2018).  

Oil in water emulsions (O/W) and nano-emulsions (NE) are defined as  

thermodynamically unstable colloidal dispersion systems composed of lipid droplets dispersed 

within an aqueous medium (Chang et al., 2018, Tadros et al., 2004). O/W and NE can be 

differentiated from each other by the size of the oil droplets (particles) generated during 

homogenization: NE have a mean droplet radius <100 nm, while O/W have a mean radius of 

>100 nm (Ahmed et al., 2012). The method of homogenization and the composition of the 

system are the main factors involved in the determination of particle size. High-energy 

emulsification methods (high-shear blending, high-pressure homogenization, and ultrasonic 

homogenization) as well as low- energy emulsification methods (phase inversion temperature) 
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can be used. The intense shear flow and turbulence cause dispersion of the oil phase into small 

oil droplets. To overcome the instability issue, emulsifiers need to be add to stabilize the 

colloidal system. The surface-active surfactants become adsorbed at the oil–water interface, 

lowering the surface tension and facilitating further droplet disruption (Dalgleish, 2006). They 

create a protective layer surrounding the oil droplets.  

The small size of NE particles confers better stability to particle aggregation, separation 

and gravitation (Solans et al., 2005). However, emulsions containing smaller fat globules suffer 

faster lipolysis than the ones containing larger globules within the same volume of oil, because 

smaller globules present a larger surface area and thus provide more contact with the enzymes 

when compared to larger globules (Michalski et al., 2013). A study reported that NE with 79.5 

nm droplets was more effective than O/W to increase the anti-inflammatory activity of 

curcumin (Wang et al., 2008). However, another study reported no major differences in 

behaviour under gastric conditions between O/W and NE prepared with three different oils for 

the encapsulation of curcumin (Ahmed et al., 2012). Different types of oil are unlikely to 

impact particle size significantly, yet it is likely to alter the amount of curcumin encapsulated 

and rate of digestion. For instance, a study found that among other oils used for curcumin 

encapsulation, coconut presented the best curcumin solubility (Jintapattanakit et al., 2018).  

Emulsifying agents are important constituents in an emulsion system since they act as 

a surface agent, developing bonds between the two immiscible liquids. Structurally, they are 

amphiphilic molecules, possessing both hydrophobic and hydrophilic moieties. Their 

hydrophilic head connects with the water phase and lipophilic tail connects with the oil phase 

to bring the liquids together. The lipophilic tails point toward the centre of oil droplet and one 

layer of hydrophilic heads of emulsifying agent surrounds the surface of the oil droplets, 

avoiding coalescence of oil droplets and stabilizing the emulsion (Singh et al., 2009).  

Small molecule surfactants such as Tweens (sorbitan fatty acid esters) and Spans 

(nonionic surfactant sorbitan fatty acid esters) can create stable emulsions. However, for food 

products their use has lessened, with the use of natural surfactants instead now increasing due 

to their market appeal of being label friendly. Those surfactants can be proteins, 

polysaccharides, or phospholipids, and they are often used as emulsifiers and stabilizers in food 

emulsions (Bai et al., 2016, Silva et al., 2015). Using sufficient amount of emulsifying agents, 

emulsions can be made to be more stable over extended time periods (Ramisetty et al., 2015).  
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Food proteins have high nutritional value and are safe for consumption. Many of them, 

such as soy protein and the milk proteins whey and casein, have been extensively used as 

emulsifiers in the food industry because of their amphiphilic nature and ability to form films 

(Chang et al., 2018, Foegeding and Davis, 2011). They present diverse emulsifying abilities 

due to variations in their structures, flexibilities, states of aggregation and compositions at the 

oil-water interface. A range of milk protein ingredients are used to improve the functional 

properties and nutritional value of food products. Different milk proteins lead to the formation 

of emulsions with different surface compositions and structures, which consequently interfere 

in their digestion behaviours (Singh and Ye, 2013). Generally, the emulsions stabilized by 

proteins are sensitive to temperature, pH, salt and environmental stresses, which result in 

coalescence, flocculation, creaming and phase separation (Lam and Nickerson, 2013).  

Phospholipids are the major lipid components in membranes. In short, phospholipids 

are lipids that contain phosphorus, a polar portion and a non-polar portion in their structures, 

being divided into glycerophospholipids (glycerol backbone) and sphingomyelins (sphingosine 

and glycerol backbones) (Li et al., 2015a). Due to their amphiphilic structure, they tend to form 

bilayers and lamellar structures, making them an important structural component of cell 

membranes in plants and animals. Additionally, their properties confer a natural way to 

promote emulsification of lipid droplets in the storage cells and organelles of plants, animals 

and microorganisms (Singh et al., 2009). The fact that phospholipids present both polar and 

nonpolar parts allows them to be adsorb to oil-water interfaces and act as emulsifiers (Pichot 

et al., 2013). They can create a monolayer around the oil droplets, where the fatty acid tails 

project into the oil droplets and the hydrophilic head points toward the water, or they can form 

multiple layers with each layer consisting of two phospholipids lined up head- to-head and tail-

to-tail (Li et al., 2015a, Pichot et al., 2013). Phospholipids emulsifiers used in the food industry 

are typically called lecithin and can be extracted from many sources including soybeans, eggs, 

milk, rapeseed, canola seed, cottonseed, and sunflower (Klang and Valenta, 2011). 

2.7 Emulsion digestion 

Lipids are important constituents of the diet, as they provide essential fatty acids, such 

as linoleic acid and α-linolenic acid, which are not produced by the human body (Simopoulos, 

1999). Lipids are also responsible for transporting fat-soluble bioactive molecules, such as 

hydrophobic polyphenols. Around 20 to 40% of the diet is composed of lipids, which are often 

ingested in an emulsified format. The digestion of orally ingested lipids directly affects the 

delivery of lipophilic bioactive compounds. Therefore, understanding the kinetics of lipid 
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digestion and absorption is paramount for pharmaceutical and food science researchers. The 

manufacturing of lipid structures for the controlled release of drugs and nutraceuticals allows 

the formulation of systems to encapsulate and deliver compounds based on understanding their 

passage through the GI tract (Acevedo-Fani and Singh, 2022, McClements et al., 2009).  

A series of in vitro digestion models have been used to better understand how lipids are 

digested in the presence of gastric and pancreatic lipase and bile salts (Bourbon et al., 2018, 

Cheng et al., 2017, Colle et al., 2012, Gallier et al., 2012, Li et al., 2013, Sarkar et al., 2018, 

Sek et al., 2002). For instance, (Malaki Nik et al., 2011) used a sequential in vitro digestion 

model to investigate the changes in the physicochemical properties of O/W emulsions prepared 

using whey protein isolate (WPI) or soy protein isolate (SPI) during gastrointestinal transit. 

The authors found that the size of the oil droplets significantly changed during the duodenal 

phase in the presence of bile salts and phospholipids. The particle size is believed to play a 

critical role in lipid digestion, indicating that the interfacial composition of the original 

emulsion plays a major role in determining the extent of lipolysis.  

It has been reviewed and discussed elsewhere that the fate of emulsions under GIT 

conditions strongly depends on their original characteristics, such as interfacial structure and 

composition, droplet size distribution, nature of the lipid phase and continuous phase 

composition (Acevedo-Fani and Singh, 2022). Emulsified lipids are often surrounded by an 

interfacial layer of emulsifying molecules, such as proteins, polysaccharides, phospholipids 

and surfactants. Differences in the oil droplet coatings lead to variations in electrical charge, 

thickness, permeability, environmental responsiveness, resistance to displacement, and 

susceptibility to enzymatic digestion. The aggregation state (flocculated or partially coalesced, 

for example) can also influence the rate of lipid digestion (McClements, 2004). Additionally, 

emulsified lipids can differ in their physical state and polymorphic form, being liquid, solid, or 

partially solid at body temperature (Kralova and Sjöblom, 2009).  

After ingestion, exposure to salivary, gastric and intestinal fluids and enzymes 

promotes several complex physical and chemical changes to the emulsified lipids. Those 

changes directly affect and determine their ability be digested and absorbed. The oral 

processing of lipids occurs in the mouth, and it is more relevant to solid and semi-solid 

structures, as those undergo mastication, as opposed to liquid forms that spend less time and 

experience less effects of the mechanical breakdown of food. In addition to mastication, the 

salivary fluids promote the lubrication of food into a bolus suitable for swallowing (Acevedo-

Fani and Singh, 2022, Sarkar et al., 2009). 
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 In the stomach, the gastric juices and enzymes are mixed with the swallowed bolus 

through the mechanical action of the peristaltic movements. The stomach's low pH facilitates 

pepsin's action, breaking down mostly proteins. The presence of surface-active compounds and 

gastric lipase allows the beginning of lipid digestion in the stomach. It is believed that around 

10 – 30% of lipid digestion in adults occurs in the stomach. Research suggests that the human 

gastric lipase binds to the oil-water interface of emulsion, initiating the breakdown of 

triacylglycerols (TAG) to diacylglycerol (DAG) and non-esterified fatty acids (NEFA) 

(Acevedo-Fani and Singh, 2022). Additionally, gastric lipase preferably hydrolyses TAG at the 

sn-3 position and more efficiently breaks down medium-chain triglycerides than long-chain 

triglycerides. The partially digested food (chyme) is then emptied from the stomach to the 

duodenum, where pH changes occur and intestinal digestion starts (Acevedo-Fani and Singh, 

2022, McClements and Li, 2010, Pafumi et al., 2002, Rogalska et al., 1990).  

The small intestine, composed of the duodenum, jejunum and ileum, is where most 

lipolysis and lipid absorption occurs. The presence of bile salts, co-lipase and phospholipids 

facilitate the action of the pancreatic lipase, promoting the further breakdown of TAG into 

DAG and absorbable monoacylglycerol (MAG) and NEFA. Bile salts are essential constituents 

in the digestion of lipids, as they are surface-active and can facilitate the emulsification of the 

lipids by binding to the droplet surface. Phospholipids behave similarly to bile salts, facilitating 

the absorption of co-lipase to the droplet surface. Co-lipase then anchors the pancreatic lipase 

to the surface, initiating the lipolysis in the position sn-1 and sn-3 of TAG. In addition, 

phospholipase A2 also binds to the oil-water interface promoting the hydrolyses of the fatty 

acyl ester bond at position 2 in phospholipids, releasing NEFA and lysolecithin, such as lyso-

phosphatidylcholine. Cholesterol, phospholipids and bile salts facilitate the solubilisation of 

lipolytic products in the intestinal lumen by forming self-assembled structures called mixed 

micelles. The jejunum is responsible for most of the uptake and absorption, yet all regions can 

uptalking TAG digestion products. NEFA comprised of short carbon length (<12) fatty acids 

are directly absorbed into the portal vein. In contrast, longer chain lengths are re-esterified into 

TAG, incorporated into chylomicrons and then enter the lymphatic transport pathway. 

Bioactive lipophilic molecules are believed to be mixed into the mixed micelles and absorbed 

with FFA digestion products (Carriere et al., 1993, McClements and Li, 2010, D'Aquila et al., 

2016, Dennis, 1994, Verger, 1984, Wit et al., 2012, Acevedo-Fani and Singh, 2022). 

Each emulsion's structure undergoes a series of rearrangements in its original droplet 

distribution once it passes through the GIT. Different surface compositions, such as thickness 
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and the nature of the emulsifier, will therefore influence how these changes occur during 

digestion. The particle size has also been shown to affect digestion, as smaller particle sizes 

have a higher surface area. Changes in pH and ionic strength in the stomach can lead to 

creaming, flocculation or coalescence of oil droplets. In the small intestine, the presence of 

surface active components further alters the emulsion's structure, leading to the binding of 

enzymes and structure breakdown, forming mixed micelles. An extensive review by (Acevedo-

Fani and Singh, 2022) explored the digestion of emulsions in detail and suggested approaches 

to tailoring emulsions structures for bioactive delivery.  

2.8 Prospects on delivery of bioactive compounds 

The use of delivery systems, such as liposomes, is widely employed by the 

pharmaceutical industry to deliver bioactive components. Such systems can facilitate the 

crossing of compounds to the bloodstream and their delivery to the desired site of action. Since 

there is no cure for AD, trials to develop a drug to clear the disease biomarkers and improve 

cognition are the focus of research groups. Some promising drugs have been developed 

recently, yet many side effects have been associated with those and the search for alternative 

treatments continues. That reinforces the fact that prevention continues to be a good approach 

to the disease prevention and to delay its onset.  

Therefore, in this study I aimed to explore the use of bioactive components to create 

food-based delivery systems aiming to prevent AD. Given the complexity of the disease, 

advocating for a food supplement to support brain health could provide those affected by 

dementia with an extra alternative to prevent and delay the disease onset.
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Chapter 3 - Materials and equipment 

3.1 Materials 

The common materials, equipment and methods used across the majority of the 

experiments are described in this chapter. Those that are specific for individual studies have 

been included in the related chapters.  

3.1.1 Milk Fat Globule Membrane derived material  

Milk Fat Globule Membrane derived materials (MFGM) were generously provided by 

Fonterra Cooperative Ltd., Palmerston North, New Zealand. The fractions varied in 

phospholipids and protein composition as detailed in Table 3.1 as per manufacturer’s 

specifications. The same materials were used in all experiments.  

Table 3.1. MFGM composition 

 g/100g sample 

 PE PC SM PS PI TPL Protein 

Lipid 700 (MFGM1) 26 33 23 6.3 5.1 41 - 

BPC50GU09 (MFGM2) 4.6 3.9 3.3 1.8 1.3 15 50 (skim) 

HFWPC70 (MFGM3) 1.5 1.4 1.4 0.7 0.5 5.4 72 (whey) 

Phosphatidylethanolamine (PE), Phosphatidylcholine (PC), Sphingomyelin (SM), Phosphatidylserine (PS), 

Phosphatidylinositol (PI), Total phospholipids (TPL) 

3.1.2 Curcumin  

Curcumin (turmeric extract) was provided by RMF nutraceuticals, Christchurch, New 

Zealand and sourced from Shaanxi Guanjie Bio-technology Co., Ltd. China. Curcumin purity 

was 95.5% tested by HPLC assay, particle size higher than 95% (80 mesh) and 0.54% moisture. 

The extract complied with all the specifications according to manufacturer’s declaration. The 

same curcumin was used in all experiments.  

3.1.3 Coconut oil (CO)/Medium Chain triglyceride oil (MCT) 

Virgin coconut oil (CO) brand Essente cold press organic was obtained from Davis 

Trading Company, Palmerston North, New Zealand. The fatty acid profile was not specified, 

and gas chromatography was used to determine the composition of fatty acids (Table 3.2) 

following the protocol described by Zhu and collaborators (Zhu et al., 2011). The CO was used 

without further purification.  
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CocoMCT® oil (MCT) was a gift from Chemrez technologies, inc., Quezon City, 

Philippines. CocoMCT® is purified coconut oil that contains caproic acid, caprylic acid, aapric 

acid, and lauric acid.  

Table 3.2. Fatty acid composition of Essente and CocoMCT® oils used for emulsion preparation 

  Carbon chain distribution (%) 

  
Essente virgin 

coconut oil 
CocoMCT® 

Caproic acid (C6:0) N/D 0.16 

Caprylic acid (C8:0) 6.64 42.2 

Capric acid (C10:0) 6.12 25.9 

Lauric acid (C12:0) 48.3 31.7 

Myristic acid (C14:0) 18.2 N/A 

Palmitic acid (C16:1) 9.34 N/A 

Stearic acid (C18:0) 3.09 N/A 

Oleic acid (C18:1) 5.46 N/A 

Linolenic acid (C18:2) 1.35 N/A 

The composition of commercial Essente oil was determined using gas chromatography. The composition of 

CocoMCT® was provided by Chemrez certificate of analysis. N/D=peak not detected; N/A= purified and 

therefore not present or stated in the certificate of analysis.  

Initial experiments were conducted using Essente CO oil. CO was replaced with 

CocoMCT® later in the study; the CO or MCT product used is specified in each relevant 

chapter.  

3.1.4 Fish oil (FO) 

Fish oil (FO) was provided by EPAXß®, Ålesund Norway. The total ω-3 fatty acids 

composition was 82%, with 13% being EPA (C20:5), 54% DHA (C22:6) and 11% DPA 

(C22:5). The remaining fatty acids were composed of saturated fatty acids (2%) and 

monosaturated fatty acids (9%). The same FO was used in all experiments.  

3.1.5 Phospholipid standard 

Fonterra NMR certified dairy ingredient PC700 was used as the standard for LC-MS 

quantification of phospholipid in samples.  

3.1.6 Curcumin Standard 

Curcumin, catalogue number 78246, ≥99.5 purity (HPLC), molecular weight 368.38, 

Diferuloylmethane-1,7-bis(4-Hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione was 



 39 

purchased from Sigma Aldrich Chemical Co., St. Louis, MO, USA and used as the standard 

for the HPLC analysis.  

3.1.7 Chemicals 

Milli-Q water (purified by filtration with Milli-Q apparatus; Millipore Corp., Bedford, 

MA, USA) was used as a solvent throughout the experiments. The common chemicals and 

reagents used throughout the experiments and their respective CAS number are specified below 

(Table 3.3). 

Table 3.3. List of general chemicals used throughout the experiments. Chemicals used for specifically for each 

individual set of experiments are described in each chapter and were purchased from Sigma Aldrich Chemical 

Co., St. Louis, MO, USA unless otherwise specified. 

Number Chemical/Reagent CAS number 

1 Hydrochloric acid (HCl) 7647-01-0 

2 Sodium hydroxide (NaOH) 1310-73-2 

3 Fast green FCF 2353-45-9 

4 Lissamine™ rhodamine B sulfonylchloride 62796-29-6 

5 Methanol 67-56-1 

6 Ethanol 64-17-5 

7 Glacial acetic acid 64-19-7 

8 Chloroform 67-66-3 

9 Potassium chloride 7447-40-7 

10 Ammonium acetate 631-61-8 

11 Acetonitrile 75-05-8 

3.2 Equipment  

The common equipment used for most of the experiments is described in this section. 

Experimental techniques and equipment specific to each experiment have been included in 

individual chapters.  

3.2.1 Water bath  

Samples were heated in a “T” shaped water bath tank attached to an open bath heating 

circulator with a temperature-controlled heating coil (MA-6, Julabo ED, Germany). The 

temperature was adjusted to solubilise materials into solutions and checked using a hand-held 

thermometer. A hot plate stirrer (F20500162 ARE, VELP Scientifica, Italy) was fitted under 

the water bath and used to stir the heated samples; only the stirring function was used as the 
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heating was provided by the water bath to ensure even and more accurately controlled 

temperature. 

3.2.2 pH meter 

A pH meter was used to adjust the pH of solutions and samples throughout the 

experiments (ECPH51042S-I, Oakton Instruments - Illinois, US). The equipment was 

calibrated daily before starting the measurements using standard buffer solutions of pH 4 and 

7. While not in use the pH meter probe was left in a storage solution of 3M potassium chloride 

as per the manufacturer’s instructions.  

3.2.3 High-performance liquid chromatography (HPLC) 

A 1200 HPLC system (Agilent Technologies, Santa Clara, CA, USA) controlled by 

EziChrom software (Agilent Technologies, USA) was used to determine curcumin 

concentrations in fresh and digested samples. The equipment was equipped with an 

autosampler and Synergi Hydro-RP 4 μm analytical column (150 × 4.6 mm, 4 μm, 

Phenomenex, USA). 

3.2.4 Centrifuges  

Different centrifuges were used throughout the experiments according to different 

speed and volume requirements. Samples that required less than 5000 x g were centrifuged 

using a benchtop centrifuge (ST40, Thermo Scientific, Lanenselbold, Germany). For samples 

that required speeds higher than 5000 x g, a Sorvall WX Ultra Series ultracentrifuge was used 

(Thermo Fisher Scientific, Asheville, US). Samples prepared or extracted in small volumes 

(Eppendorf tubes) were centrifuged using an Eppendorf centrifuge 5424 (Eppendorf®, 

Hamburg, Germany) operating at a maximum speed of 15000 x g.  

3.2.5 Handheld homogeniser  

An Ultra-Turrax T-25 hand-held homogeniser (Janke & Kunkel, Staufen, Germany) 

operating at 13,500 rev/min was used to prepare primary emulsions (coarse emulsions). 
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3.2.6 Homogeniser  

A two-stage valve homogeniser (APV 2000, Silkeborg, Denmark) (Figure 3.1), 

operating at 40000 kilopascals (kPa) bar for the first stage and 50000 kPa for the second stage, 

was used to prepare the final emulsions. Emulsions were prepared at least in triplicate and 

passed three times through the homogeniser.   

 
Figure 3.1. Two valve homogenizer APV 2000, Silkeborg, Denmark 

3.2.7 Mastersizer 

The oil droplets diameter throughout the experiments was determined by laser light 

scattering using a Mastersizer 2000 E (Malvern Instruments, Malvern, Worcestershire, UK) 

(Figure 3.2). The Mastersizer measures the angular dependence of the scattered light from the 

emulsion droplets and fits the scattering data to well-known theoretical models. A 

monochromatic light beam passes through the measurement cell, where the emulsion droplets 

scatter it. The intensity of the scattered light is measured as a function of the scattering angle 

using a range of photosensitive detectors. The scattering angle is usually an inverse function of 

the droplet size so that the scattering pattern contains information about the droplet size 

distribution of the emulsion. Therefore, a low-angle scattering is more sensitive to larger 

droplets, and wide-angle measurements are generally more responsive to smaller droplets. The 

droplet size distribution is calculated based on the statistical fit between the measurements of 

intensity vs scattering angles predicted by the Mie theory. The Sauter-average diameter, d32 

(m) and volume-mean diameter, d43 (m), were calculated. Samples were analysed at least in 
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triplicate, and the values of the three readings were used to calculate the mean particle size and 

plot particle size distribution.  

 
Figure 3.2.  Mastersizer 2000 E (Malvern Instruments, Malvern, Worcestershire, UK) 

3.2.9 Zetasizer 

The zeta potential (mV)  values of the emulsions and their respective digested materials 

were measured by laser doppler velocimetry and phase analysis light scattering technique using 

a Malvern Zetasizer Nano ZS (ZEN3600, Malvern Instruments Ltd. Malvern, Worcestershire, 

UK) (Figure 3.3). The system uses micro-electrophoresis in a capillary cell with electrodes at 

both ends, to which a potential is applied. The droplets within the dispersion move towards the 

oppositely charged electrode at a certain velocity, which is determined by measuring the 

frequency shift of the incident laser beam. The velocity is converted to zeta potential following 

Henry’s equation, where known variables such as the dielectric constant of the medium and 

viscosity are substituted. Samples were measured shortly after 100-fold dilution in continuous 

phase or appropriate background buffer. The temperature of the electrophoresis cell was kept 

at 25C. The zeta-potential measurements were reported as the mean and standard error of at 

least six readings. All measurements were conducted on at least two freshly prepared 

emulsions.  
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Figure 3.3. Zetasizer nano ZS (ZEN3600, Malvern Instruments Ltd. Malvern, Worcestershire, UK) 

3.2.10 HPLC-LC/MS  

An Agilent 1200 series HPLC system (Santa Clara, CA, USA), interfaced to a SCIEX 

6500 QTrap mass spectrometer (AB SCIEX, Framingham, MA, USA) and quantified in 

positive mode, was used to characterise the phospholipid (PL) composition of emulsions, 

digesta and plasma samples. The PL separation was archived using an APS-2 hypersil 

hydrophilic column (150 mm × 2.1 mm, 3 μm, ThermoFisher Scientific, Waltham, MA). 

Further operational details of the system are described in the individual chapters.  

3.2.11 Confocal Laser Scanning Microscopy  

Confocal scanning laser microscopy was used to provide high-resolution images of the 

microstructure of the samples. Confocal scanning laser microscope (SP5 DM6000B, Leica 

Microsystems, Heidelberg, Germany) had a motorised focus and a 63 X oil immersion 

objective with an excitation line of 488 nm from an argon laser. A 100 X oil immersion 

objective with sequential excitation lines of 488nm from argon laser and 633nm from a helium-

neon laser was used.  
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Chapter 4 - Milk fat globule membrane derived material as an emulsifying 

agent in the preparation of curcumin loaded oil-in-water emulsions 

Abstract 

The milk fat globule membrane (MFGM) is a complex tri-layer membrane 

encapsulating fat globules in milk. In addition to its natural emulsifying abilities, the MFGM 

has gained interest due to its health promoting properties. Curcumin is a potent antioxidant 

extensively studied over years against a series of diseases, including Alzheimer’s disease (AD). 

However, curcumin presents very low bioavailability, limiting its use as a natural treatment for 

AD and other conditions. In this study, we evaluated the potential applications of MFGM-

derived materials to produce oil in water (O/W) emulsion systems and encapsulate curcumin. 

Three commercial MFGM derived materials - Lipid700 (MFGM1), BPC50GU09 (MFGM2) 

and HFWPC70 (MFGM3) - were used to prepare emulsion systems using virgin coconut oil 

(CO) or a combination of CO and fish oil (FO). 

 The emulsifying capacity of various MFGM fractions and their ability to encapsulate 

curcumin were studied. Emulsion particle size decreased significantly with increasing 

concentration of the emulsifier, reaching a plateau after addition of 3 and 5% (w/w). The mean 

particle sizes of emulsions prepared using MFGM2 and MFGM3 were significantly lower than 

those prepared using MFGM1 as an emulsifier. The smallest particle size was obtained using 

MFGM3 (d3,2 0.25m), and the largest with MFGM1 (d3,2 0.43m). All emulsions were stable 

to particle size changes over 40 days at 4C and presented negative zeta-potential varying from 

-50 to -20mV. MFGM1-prepared emulsions had higher curcumin loading efficiency (>80%) 

compared to MFGM2 and MFGM3 stabilised emulsions (<80%). Phase separation studies 

indicated that most of the curcumin in the system was entrapped inside the oil droplets, being 

present at higher than 90% in the cream phase. Phospholipids also preferably adsorbed to the 

droplets of emulsions stabilised by MFGM2 (>70%) and MFGM3 (>80%), as opposed to only 

about 50% of phospholipids in MFGM1 being in the cream phase. Differences in the 

phospholipid and protein composition were responsible for differences observed in size, zeta-

potential and position of curcumin in phospholipids in the systems. Overall, all MFGM 

fractions were efficient to create emulsions with small particle size, that were stable over time 

and  were able to encapsulate curcumin.  
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4.2 Introduction 

Curcumin, the main constituent in the rhizomes of the herb turmeric, is a polyphenol 

widely studied and used as a nutraceutical. Throughout history, dried turmeric roots have been 

used for medicinal purposes in traditional Chinese medicine and Ayurvedic Indian medicine to 

treat skin disease, allergies, hepatic disorders, inflammation, sinusitis and oxidative stress-

related conditions (Ammon, 1991). Fresh turmeric roots and dried turmeric powders are 

composed of a mixture of curcuminoids, with the three predominant ones being curcumin, 

desmethoxycurcumin (DMC) and bisdemethoxycurcumin (BDMC). While curcuminoid 

mixtures have shown health benefits (Samanta et al., 2010), curcumin alone is the compound 

with the most potent antioxidant and anti-inflammatory activities (Subramanian et al., 1994).  

Despite in vitro and in vivo benefits of curcumin against inflammation (Wang et al., 

2008, Khayyal et al., 2018), oxidative stress (Wei et al., 2006), cancer (Huang et al., 1994) and 

AD (Jeyapriya Raja Sundaram, 2017, Lim et al., 2001a), clinical evidence of its benefits are 

still limited, due mainly to curcumin’s low bioavailability and rapid degradation (Strimpakos 

and Sharma, 2007). Curcumin is soluble in organic solvents and oils but very poorly in water, 

which is the main constituent of physiological fluids. Once ingested, curcumin is rapidly 

metabolised by the liver and conjugated into curcumin glucuronide, curcumin sulphate and 

other metabolites (Ravindranath and Chandrasekhara, 1981, Sharma et al., 2001). To reach the 

desired site of action, the amount of curcumin that needs to be administrated is often very high, 

creating barriers to long-term trials and sensory acceptance. In the last decade, researchers have 

focused on increasing curcumin’s oral bioavailability through encapsulation in a variety of 

delivery systems.  

The development of delivery systems to improve the delivery of nutraceuticals, 

improve palatability and increase bioaccessibility involves manipulating microstructure and 

physicochemical properties. Understanding the relationship between food properties, digestion 

and absorption can facilitate developing delivery systems (McClements and Li, 2010). 

Considering the high hydrophobicity of curcumin and the mainly aqueous base of physiological 

fluids, a delivery system using a lipid-based strategy to solubilise and encapsulate curcumin 

has been shown to be a good approach (Araiza-Calahorra et al., 2018). 

Emulsion-based delivery systems are widely used as they are a simple, effective, easy 

to reproduce and scalable systems. An emulsion consists of the dispersion of two immiscible 

liquids, usually oil and water, stabilised by a surfactant (Sarkar et al., 2018, McClements and 
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Li, 2010). Small droplets of one liquid are dispersed in the other immiscible liquid, and 

depending on the proportions and arrangement, they can be classified as oil-in-water (O/W) or 

water-in-oil (W/O). Emulsions are thermodynamically unstable, and surfactants or emulsifiers 

need to be used to reduce interfacial tension and prevent destabilisation over time, avoiding 

creaming, sedimentation, flocculation and coalescence (Singh et al., 2009). Protein ingredients 

derived from milk and eggs are the most commonly used food emulsifying agents (Dickinson, 

1988).  

The emulsifiers are simultaneously adsorbed to the oil-water interface during 

homogenisation, creating a stable layer at the droplet surface. The layer surrounding oil 

droplets can be composed of different adsorbed materials such as low molecular weight 

emulsifiers, proteins, phospholipids, monoacylglycerols and fatty acid esters (Singh et al., 

2009). Proteins are readily absorbed into the oil-water interface when used as emulsifiers, and 

they undergo rearrangements to create a stabilising layer (McClements, 2004). Phospholipids 

derived from milk, egg and soybean can be used to create a monolayer or a multi-lamellar 

structure around the oil-water interface. The type of structure varies according to the amount 

of phospholipid added during emulsion formation (Dalgleish, 2006). There has been an 

increased interest in the use of natural emulsifiers and the attempt to mimic food structures, as 

they present complex structures with the potential to control the delivery of desired compounds. 

Milk is a naturally occurring emulsion, with droplet size varying from 0.1 to 15 μm. A 

unique characteristic of fat globules in milk is the membrane coating and stabilising the oil 

droplets, the milk fat globule membrane (MFGM). This unique membrane is produced by the 

mammalian cells and is a complex tri-layer structure surrounding each lipid droplet in milk. 

The inner layer comprises a lipid monolayer and an outer lipid bilayer consisting of enzymes, 

glycoproteins, proteins, neutral lipids, and polar lipids such as phospholipids and 

glycosphingolipids (Dewettinck et al., 2008). 

The emulsifying properties of the MFGM have led to research into its isolation and 

application as a natural and functional food ingredient to encapsulate several nutraceuticals 

(Singh, 2006). For instance, Liu and collaborators prepared liposomes loaded with positively 

charged lactoferrin (LF) using MFGM-derived phospholipids and observed that the liposomes 

were stable and protected the entrapped LF from pepsin hydrolysis, yet pancreatin disrupted 

the system promoting release of LF (Liu et al., 2013). O/W emulsions prepared with MFGM 

protein or polar lipid (phospholipids) concentrates showed that at identical concentrations, 

MFGM protein concentrate had a better emulsifying ability than phospholipid concentrate, 
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indicating that MFGM protein from reconstituted buttermilk is a better emulsifier in the 

preparation of emulsions compared to phospholipids concentrate (Phan et al., 2016). Corredig 

and Dalgleish used a fraction derived from MFGM isolated from fresh raw cream and found a 

strong molecular interaction between the adsorbed MFGM (composed of phospholipid and 

protein) at the oil-water interface. The membrane formed around oil droplets was not affected 

by the presence of other surfactants, suggesting that this MFGM fraction was a good emulsifier, 

which promoted a structure with a different behaviour from emulsions stabilized by other milk 

proteins (Corredig and Dalgleish, 1998). Assessments of MFGM for the delivery of 

cyclosporine in vivo indicated enhanced delivery to blood and lymphatic fluid. Cyclosporine is 

used as an immunosuppressant medication and was encapsulated in olive oil emulsions with 

or without the bioactive and administered via intraduodenal route in rats. The authors suggest 

that MFGM can be used as an intestinal absorption enhancer of cyclosporine (Sato et al., 1994)  

In addition to good emulsification properties, MFGM components have received great 

interest because of their health benefits. Sphingolipids and phospholipids are complex 

biological lipids that define the structural properties of membranes and lipoproteins. These 

compounds mediate important transmembrane signalling mechanisms that can regulate cell 

growth, development and differentiation (Schmelz, 1996, Spitsberg, 2005b, Singh, 2006). The 

MFGM phospholipids and proteins have been reported to have bioactivities, including anti-

cancer, anticholesterolemic and antibacterial effects (Spitsberg, 2005a). For example, 

sphingomyelin has been shown to possess anti-cancer properties, reducing the number of colon 

tumours and aberrant crypt foci in a carcinoma mouse model (Schmelz, 1996). Complex lipids 

are also associated with age-related diseases, stress responses, cellular apoptotic pathways and 

the development of AD (Bouhours and Bouhours, 1981, Conklin, 2002, Singh, 2006).  

The main objective of this chapter was to assess the emulsifying ability of different  

commercial MFGM materials and their ability to create stable emulsions, while carrying higher 

amounts of curcumin.  

4.3 Materials and Methods  

4.3.1 Materials 

MFGM-derived materials were provided by Fonterra Co-operative Ltd. and differed in 

their phospholipid and protein concentrations. MFGM1 had no protein content and a mean total 

phospholipids (TPL) content of 332.46 mg of per gram of sample. MFGM2 comprised 50% 
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skim protein and 100.46 mg/g TPL, while MFGM3 had 72% whey protein and only 32.36 mg/g 

TPL. Virgin coconut oil (CO) and fish oil (FO) were sourced as cited in  3.1.3 and 3.1.4 

respectively. 

Curcumin (95.5% purity) was provided by RMF nutraceuticals, Christchurch, New 

Zealand and sourced from Shaanxi Guanjie Bio-technology Co., Ltd., China. Curcumin 

catalogue number 78246, ≥99.5 purity (HPLC), molecular weight 368.38, Diferuloylmethane-

1,7-bis(4-Hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione was purchased from Sigma 

Aldrich Chemical Co., St. Louis, MO, USA and used as the standard for the HPLC analysis. 

Fonterra NMR certified dairy ingredient PC700 was used as the standard for LC-MS 

quantification of phospholipid in samples.  

4.3.2 Methods 

4.3.2.1 Preparation of oil phase 

Curcumin (turmeric extract, 95.5% purity) was weighed into an Erlenmeyer flask, and 

CO was added at 2 mg curcumin/g of oil to create the desired curcumin solubility. The selection 

of curcumin concentration per gram of oil was determined by curcumin solubility in CO 

(Appendix A4.1), which was in accordance with previous literature (Jintapattanakit et al., 

2018). The mixture was stirred for at least 4 hours at 60°C to allow complete curcumin 

solubilisation in the oil. To avoid oxidation, FO was added to CO (1:1) after the temperature 

dropped to < 30°C. The final curcumin concentration was 2 mg/g for CO oil and 1 mg/g for 

CO: FO (1:1) mixture.   

4.3.2.2  Preparation of MFGM solutions 

Emulsifier solutions (0.5 to 5.0 wt%) were prepared by dissolving an appropriate 

amount of MFGM materials in milli-Q water and stirring for 2h at 40°C to allow complete 

dissolution. For MFGM1, the pH was adjusted to 5.0 to allow better solubility. The MFGM 

preparations were mostly composed of water-soluble components. The pH for all MFGM 

solutions was adjusted to 7.0 using 1M NaOH or 1M HCl before homogenisation with the oil 

phase. 
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4.3.2.3  Preparation of O/W emulsions  

The previously prepared oil phase was added to MFGM solutions to form final 

emulsions composed of 20 wt% oil and 80 wt% aqueous phases (Table 4.1).  The oil and 

aqueous phases were mixed as described in 3.2.5 and 3.2.6. Emulsions were prepared at least 

in triplicate.  

Table 4.1. Emulsions coding and composition. CO = virgin coconut oil; FO = Fish oil 

Emulsion code Oil composition – 20% (w/w) Emulsifier composition 

S1 CO MFGM1 (Lipid700) – 5% (w/w) 

S2 CO:FO (1:1) MFGM1 (Lipid700) – 5% (w/w) 

S3 CO MFGM2 (BPC50 GU09) – 3% (w/w) 

S4 CO:FO (1:1) MFGM2 (BPC50 GU09) – 3% (w/w) 

S5 CO MFGM3 (HFWPC70) – 3% (w/w) 

S6 CO:FO (1:1) MFGM3 (HFWPC70) – 3% (w/w) 

4.3.2.4 Determination of surface composition 

The total unabsorbed curcumin and phospholipid concentrations were determined using 

the method of Ye (2008) with some modifications. Emulsions were centrifuged at 45,000xg 

for 40 min at 25°C in a temperature-controlled centrifuge (Sorvall RC5C, DuPont Co., 

Wilmington, DE). The top cream phase was carefully removed using a spatula. The cream layer 

was dispersed in Mili-Q water and re-centrifuged at 45,000g for 40 min. The cream layer was 

then extracted for phospholipid and curcumin analysis, as described in sections 4.3.2.5d and 

4.3.2.5e. The surface phospholipid concentration (%) was calculated from the difference 

between the amount of phospholipid or curcumin used to prepare the emulsion and that 

measured in the cream phase after centrifugation. 

4.3.2.5 Characterisation techniques 

The analytical techniques used for the physicochemical characterisation of emulsions 

and emulsions submitted to treatments presented in the following chapters are presented in this 

section.  

a) Particle size 

The diameter of the oil droplets was measured by laser light scattering using a 

Mastersizer 2000 E (Malvern Instruments, Malvern, Worcestershire, UK). The particle size is 
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widely used to characterise emulsions, and the most common instruments used are Mastersizer 

and Zetasizer (McClements, 2004). Mastersizer uses static light scattering to measure the 

angular dependence of the scattered light from the emulsion droplets and fits the scattering 

intensity data to theoretical models. A laser generates a monochromatic light beam that passes 

through a measurement cell scattered by the emulsion droplets. The refractive index of the 

dispersed phase was set at 1.470 (with an absorption index of 0.001), and that of water was at 

1.330. Particle diameters were calculated from at least 10 measurements and presented as mean 

+ SEM.  

b) Zeta potential 

The zeta potential (mV) was measured shortly after diluting the emulsions (100 fold) 

in milli-Q water using a Zetasizer Nano ZS (Malvern Instruments Ltd. Malvern, 

Worcestershire, UK). The technique for measurement uses laser doppler velocimetry and phase 

analysis light scattering (M3-PALS), where a capillary cell (with electrodes at both ends) is 

used to attract droplets with opposite charges at a certain velocity that is determined by the 

frequency shift of the incident beam light measurement. The speed at which the droplets move 

to the fields is then converted to zeta-potential. The temperature of the cell was maintained at 

25°C. The results of zeta-potential were represented as the mean of at least 5 readings.  

c) Confocal Laser Scanning Microscopy  

Confocal laser  scanning microscopy provided high-resolution images of the 

emulsion’s microstructure. The confocal scanning laser microscope (SP5 DM6000B, Leica 

Microsystems, Heidelberg, Germany) had a motorised focus and a 63 X oil immersion 

objective with an excitation line of 488 nm from an argon laser. A 100 X oil immersion 

objective with sequential excitation lines of 488nm from an argon laser and 633nm from a 

helium-neon laser was used.  

d) Curcumin loading efficiency 

The mobile phase contained 5% acetic acid and acetonitrile (25:75), was eluted 

isocratically at 1.0 mL/min, and curcumin was detected at 424 nm (25°C) as described in 3.2.3. 

The relationship between curcumin and detected concentration was linear between 0.1 and 10 

μg/mL curcumin, and the standard curve was generated accordingly (appendix A4.2). 

Curcumin content in the emulsion was assumed to be the total curcumin concentration, while 
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the curcumin in the cream phase was considered the loaded curcumin. Unabsorbed curcumin 

concentration was calculated by the difference between total and absorbed curcumin.  

e) Phospholipid concentration 

The protocol described by (Norris et al., 2009) was used to extract phospholipids. 

Briefly, 100 mg of emulsions was weighed into a 2mL Eppendorf tube and dissolved in 2 mL 

Milli-Q water to dilute the samples. 0.5mL of the diluted samples were then transferred to a 

10mL Kimax tube where 2 ml of methanol: chloroform (2:1) was added. Tubes were mixed by 

vortex, rocked for 20 minutes and centrifuged at 2000g for 30 minutes. The supernatant was 

then transferred to a clean 15 ml Kimax tube where 0.25 mL of Milli-Q water and 1 mL of 

methanol:chloroform (2:1) were added into each tube again. The process was followed 

precisely to allow complete extraction. The supernatants were combined, and 0.65 mL of 0.1M 

KCl was added. The tubes were mixed well by vortex and centrifuged at 2000g for 30min. The 

upper phase was discarded, and another 0.375 mL of methanol and 0.25 mL of 0.1M KCl were 

added to the lower phase. After mixing well by vortex, the tubes were centrifuged at 2000g for 

30min again. The upper phase was discarded, and the lower phase was transferred into a 5mL 

volumetric flask. The volume was adjusted to the 5 mL mark with methanol:chloroform (2:1). 

Further dilutions were made if needed. The mass of each sample was used for phospholipid 

concentration calculations.  

A calibration curve was prepared using NMR certified PC700. 1 mg/mL solution was 

made with methanol:chloroform (2:1), and further diluted to reach the concentrations of 500, 

250, 125, 62.5, 31.25, 15.625, 7.813, 3.906, 1.953, 0.977 and 0.488 µg/mL (appendix A4.3). 

Phospholipids were separated on an Agilent 1200 series HPLC system (Santa Clara, 

CA, USA) equipped with an APS-2 Hypersil column (150 mmx2.1 mm, 3mm), interfaced to a 

SCIEX 6500 QTrap mass spectrometer (AB SCIEX, Framingham, MA, USA) and quantified 

in positive mode as described by (Norris et al., 2009). The flow rate was 0.5mL/min. The 

column temperature was kept at 60°C, while the sample temperature was 5°C with an injection 

volume of 5µL. A gradient of mobile phase was used, where phase A was composed of 95% 

acetonitrile, 5% 50 mM ammonium acetate buffer at pH 5.6, with 0.1% formic acid; and phase 

B was composed of 50% acetonitrile, 50% 50 mM ammonium acetate buffer at pH 5.6, with 

0.1% formic acid. The elution gradient is presented in Table 4.2.   
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Table 4.2.  HPLC elution gradient 

  Time (min) Flow (ml/min) % A % B 

1  0 0.5 95 5 

2 2 0.5 95 5 

3 7.5 0.5 60 40 

4 9.5 0.5 0 100 

5 15 0.5 0 100 

6 16 0.5 95 5 

7 20 0.5 95 5 

Sphingomyelin (SM), phosphatidylcholine (PC) and lyso-PC were monitored using the 

precursor ion 184 (phosphorylcholine). Phosphatidylethanolamine (PE) and lyso-PE were 

monitored using the neutral loss of ion 141 (phosphoryl ethanolamine). Phosphatidylserine 

(PS) was monitored using a neutral loss of ion 185 (phosphoryl serine). Phosphatidylinositol 

(PI) was monitored using a neutral loss of ion 260 (phosphoryl inositol). The mass 

spectrometer (MS) scan rate was 1000 Da/s, and the flow of the first 2 min (0-2 min) and the 

last 8 min (12-20 min) from LC were diverted to waste. The ion source and scanning conditions 

were set as described in Table 4.3 and Table 4.4.  

Table 4.3.  Ion source conditions 

Curtain gas 20 

Collision gas (cad) Low 

Ion spray voltage (is) 5500 

Temperature (tem) 500 

Ion source gas 1 (gs1) 18 

Ion source gas 2 (gs2) 30 

Table 4.4.  Precursor Ion (PIS) and Neutral loss (NL) scanning conditions 

  PIS 184 NL 141 NL 185 NL 260 

Decluttering Potential 200 180 200 180 

Entrance Potential 10 10 10 10 

Collision Energy 28 27 30 25 

Collision Cell Exit Potential 12 23 30 24 

4.3.2.5 Statistical analysis  

Statistical analyses were performed using SAS (SAS/STAT version 9.4). A polynomial 

regression analysis (up to quintic order) was first conducted on emulsifier, concentration and 

the interaction between emulsifier and concentration on the particle size (d3,2 and  d4,3). Only 

significant (P < 0.05) terms were kept in the final polynomial model, which was selected by 
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comparing full models with reduced models (i.e., removing predictors that did not affect the 

response variable) by using the log-likelihood ratio test. 

Once the concentration of the emulsifier was selected, a two-way ANOVA model was 

used to determine the effect of the emulsifier, oil type, and their interaction on several responses 

(e.g., particle size, zeta potential, curcumin loading efficiency and phospholipid distribution) 

using the Proc Mixed procedure. The model diagnostics (e.g., normal distribution) for each 

response variable were tested using the ODS Graphics procedure and the repeated statement of 

SAS. When the model assumptions were not fulfilled the raw data was transformed. When the 

F-value of the model was significant (P < 0.05), the mean values of the two-way ANOVA were 

compared using the adjusted Tukey-Kramer test. Probability values were considered 

statistically different when P < 0.05, and values of 0.051 < P < 0.10 were considered a trend.       

4.4 Results and discussion 

i) Selection of emulsions components 

CO was selected based on its published health promoting properties, especially those 

related to ketogenic metabolism and potential effects against dementia (Augustin et al., 2018). 

MCT, the main components in coconut oil, were selected based on their ability to be easily 

absorbed and metabolised by the liver, being converted to ketone bodies, an alternative energy 

source in the brain. Studies suggest that MCT may be beneficial to people developing or 

already with memory impairment, such as AD (Fernando et al., 2015), thereby justifying their 

inclusion. In addition to CO, a FO rich in ω-3 long-chain PUFA (EPA and DHA) was added 

to the emulsions due to increasing evidence of the FO’s health promoting properties; PUFA 

are critical to normal brain development and function later in life, promoting synaptic activity, 

neurogenesis and dendritic spine density, and protecting against age-related neuronal damage 

due to oxidative stress and inflammation (Chen et al., 2019). 

MFGM derived materials with varying compositions were analysed for their 

phospholipid concentrations and used to prepare O/W emulsions. CO was used in this assay as 

an initial assessment to select working emulsifier concentrations for following experiments. 

MFGM fractions presented decreasing concentration of TPL (MFGM1>MFGM2>MFGM3). 

MFGM1 had no added protein, contained lactose in its composition, and phosphatidylcholine 

was the major phospholipid group for this fraction, while for MFGM2 and MFGM3 

phosphatidylethanolamine was the major phospholipid group (Table 4.5). Additionally, 
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MFGM fractions 2 and 3 had 50% and 72% milk protein, respectively, in their composition. 

The effects of those fractions on emulsion structure, mainly particle size, are presented and 

discussed below.  

Table 4.5. Mean + SEM (N=3) phospholipid concentrations of MFGM fractions. 

 Phospholipid concentration (mg/g) 

 PE PC SM PS PI LPE LPC TPL 

MFGM1 

74.0 ± 

0.62 

121 ± 

1.12 

91.0 ± 

1.46 

22.9 ± 

0.36 

14.2 ± 

0.52 

6.46 ± 

0.28 

2.95 ± 

0.10 

332 ± 

3.49 

MFGM2 

31.9 ± 

0.39 

29.1 ± 

0.52 

23.1 ± 

0.57 

9.32 ± 

0.23 

5.83 ± 

0.33 

0.84 ± 

0.05 

0.39 ± 

0.02 

100 ± 

1.91 

MFGM3 

12.3 ± 

0.40 

7.27 ± 

0.24 

7.81 ± 

0.31 

3.36 ± 

0.07 

1.40 ± 

0.12 

0.14 ± 

0.02 

0.09 ± 

0.01 

32.4 ± 

1.10 

PE, phosphatidylethanolamine; PC, phosphatidylcholine; SM, sphingomyelin; PS, phosphatidylserine; PI, 

phosphatidylinositol; LPE, lyso-phosphatidylethanolamine; LPC, lyso-phosphatidylcholine; TPL, total 

phospholipids.  

ii) Selection of emulsifier concentrations based on particle size and stability over time 

The particle sizes of emulsions prepared by applying the same homogenisation pressure 

were measured.  Using the same number of passes while varying the concentrations of the three 

different MFGM fractions showed an increasingly smaller mean size (d3,2) as the emulsifier 

concentration increased from 0.5 to 5% (Figure 4.1). During homogenisation, the passage of 

the unstable oil and water mixture through the homogeniser valve and the applied shear force 

created by pressure disrupted the liquid into smaller droplets that the emulsifying agent then 

adsorbed into the oil-water interface. The smaller the particle size, the higher the surface area 

of the droplets, and consequently, the more emulsifier was needed to cover the surface and 

stabilise the droplets. In addition to the particle size, the oil concentration in the system was 

found to be a determining factor for the amount of emulsifier needed, with higher oil 

concentration requiring higher amounts of emulsifier. 
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Figure 4.1. Mean particle size (d3,2) of emulsions prepared using varying concentrations of three MFGM materials 

(MFGM1, MFGM2 and MFGM3 with 0.5 to 5.0% w/w MFGM, 20% w/w coconut oil). Lines show the back 

transformation of log values back to its original scale to allow more meaningful and intuitive data interpretation 

(N=3 secondary y-axis). Bars show mean + SEM of natural log-transformed data to fulfil normality and 

homogeneity of variance (primary y-axis).  

In this study, emulsions were passed three times through a homogeniser operating at 

40,000/5,000 kPa (maximum pressure supported). The effect of concentration and emulsifier 

type on the particle size was selected as a determining parameter for choosing the concentration 

of each emulsifier. The mean particle size (d3,2) for MFGM2 and MFGM3 stabilised emulsions 

reached a plateau after addition of 3% powder to the total emulsion volume. In contrast, the 

mean size for MFGM1 stabilized emulsions continued to decrease until the concentration of 

powder reached 5%, although the reduction was negligible after 3% concentration compared 

to the decrease observed between 0.5 and 3% (Figure 4.1). Since the beneficial health 

properties of MFGM phospholipids are of interest in this research and the mean particle size 

of MFGM1 emulsions compared to MFGM2 and MFGM3 was significantly higher at 3%, a 

concentration of 5% was selected for MFGM1, and a concentration of 3% was chosen for 

MFGM2 and MFGM3.  

At 3% concentration, MFGM2 and MFGM3 fractions were better emulsifying agents 

in the preparation of emulsions when compared to MFGM1 considering particle size as the 

response parameter. Although those were able to create emulsions with smaller particle size, 

MFGM1 presented a sufficiently small particle size at 5% concentration for the purposes of 

this study. A bimodal distribution with two modes was identified representing different particle 

populations (Figure 4.2). To calculate the average particle size, a weighted mean approach was 
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used, considering the relative proportions of each particle populations. The weighted means 

for both modes were combined to obtain the overall average particle size, providing a 

representative measure that considers the distinct contributions of each mode. A previous study 

used MFGM derived material to prepare liposomes with a higher concentration of 

phospholipids than those used in this study. They found that an increased number of passes and 

a higher pressure in a microfluidiser led to smaller mean particle size (Thompson and Singh, 

2006). Peel (1999) found that, after 5 passes at 130 bar, the mean diameter stabilised at 

approximately 125 nm using a high-pressure homogeniser, which is lower than those used in 

our study, indicating that even at lower pressure the number of passes can reduce the size of 

oil droplets. While the mean particle size for MFGM1 was higher compared to MFGM2 and 

MFGM3, it presented a monodispersed and narrow distribution from 3% and higher 

concentrations (Figure 4.2). In addition, the MFGM1 fraction had the highest concentration of 

sphingomyelin and phosphatidylcholine, both phospholipids associated with health-promoting 

properties. 



 57 

 
Figure 4.2. Particle size distribution of emulsions prepared using varying concentrations of three MFGM 

materials (MFGM1, MFGM2 and MFGM3 - 0.5 to 5.0% w/w MFGM, 20% w/w coconut oil). 

0

2

4

6

8

10

12

14

16

18

20

0.01 0.1 1 10 100 1000

V
o

lu
m

e
 (

%
)

Size (µm)

0.50%

1.00%

2.00%

3.00%

4.00%

5.00%

a

0

2

4

6

8

10

12

14

16

18

20

0.01 0.1 1 10 100 1000

V
o

lu
m

e
 (

%
)

Size (µm)

0.50%

1.00%

2.00%

3.00%

4.00%

5.00%

0

2

4

6

8

10

12

14

16

18

20

0.01 0.1 1 10 100 1000

V
o

lu
m

e
 (

%
)

Size (µm)

0.50%

1.00%

2.00%

3.00%

4.00%

5.00%

b

c



 58 

Lopez et al. (2017) used an ingredient rich in MFGM lipids and proteins to produce 

emulsions. Lipid droplets were coated with MFGM fragments such that they were adsorbed at 

the surface and protruding in the aqueous phase. These emulsions did not show coalescence 

upon 30 days of storage. The authors concluded that the MFGM-rich ingredient had excellent 

emulsifying properties. Corredig and Dalgleish (1998) also observed that emulsions prepared 

with MFGM isolates were stable at neutral pH but were destabilised at low pH. They found 

that 1% (w/w) MFGM was sufficient to produce stable emulsions with a small particle size 

(0.35 μm) using 10% soybean oil and that a strong molecular interaction between the adsorbed 

MFGM (phospholipid and protein) occurred at the interface. As the oil concentration and the 

MFGM composition differed in this study, a higher amount was needed to create stable 

emulsions.  

iii) Characterization of emulsions prepared using selected MFGM concentrations 

a) Particle size 

Emulsifier concentrations were selected based on particle size changes over time, as 

described above, and the following experiments were conducted using the same concentration 

of 5% for MFGM1 and 3% for MFGM2 and MFGM3. It was of interest to determine whether 

MFGM1, while requiring a higher amount to achieve the same particle size, might result in 

improved overall results and thereby justify the greater cost to incorporate it into the end 

product.  

Overall, there was no significant interaction between oil and emulsifier type on the 

mean particle size (d3,2) for MFGM emulsions (Pr > F 0.088). Similarly, the effect of oil (CO 

alone or combined with FO) had no effect on emulsion’s mean particle size, indicating that at 

the same pressure and number of passes, both oils had equal d3,2 mean size (Pr > F 0.496). 

However, the emulsifier type had a significant effect on particle size (Pr > F 0.0003), with 

emulsions S3 to S6 (prepared using MFGM2 and MFGM3) having significantly smaller mean 

particle size than S1 and S2, which were prepared using MFGM1 (Table 4.6). 
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 Table 4.6. Mean particle size (d3,2) of emulsions prepared using selected emulsifier concentrations 

Emulsion code Oil type 20%  Emulsifier 3 or 5%  d3,2 (μm) 

S1 CO MFGM1  0.43 +/- 0.03a 

S2 CO:FO (1:1) MFGM1  0.41 +/- 0.03a 

S3 CO MFGM2  0.34 +/- 0.03b 

S4 CO:FO (1:1) MFGM2  0.30 +/- 0.03b 

S5 VCO MFGM3  0.30 +/- 0.03b 

S6 CO:FO (1:1) MFGM3  0.25 +/- 0.03b 

S1, 5% w/w M1, 20% w/w coconut oil; S2, 5% w/w M1, 10% w/w coconut oil, 10% w/w fish oil; S3, 3% w/w 

M2, 20% w/w coconut oil; S4, 3% w/w M2, 10% w/w coconut oil, 10% w/w fish oil; S5, 3% w/w M3, 20% w/w 

coconut oil; S6, 3% w/w M3, 10% w/w coconut oil, 10% w/w fish oil). Data are shown as mean + SEM of 6 

replicates.  Different letters represent significant difference (p<0.05) between mean size. 

Early reports on the use of MFGM-derived materials indicated that those fractions were 

able to act as natural emulsifying agents, with the majority using non-purified fractions or 

looking into the ability of proteins to emulsify fat globules (Corredig and Dalgleish, 1998, 

KANNO et al., 1991, Sato et al., 1994). Similar to the findings in this experiment, more recent 

studies assessing the differences between lipid-rich and protein-rich fractions found that 

proteins adsorb more easily to the oil droplet surface, therefore acting as a better emulsifier 

when compared to lipid fractions (He et al., 2017, Phan et al., 2016). The fact that S1 and S2 

had no protein in their composition as opposed to the other emulsions might be the reason why 

there were significant differences in particle size, and that protein assisted in the formation of 

the adsorbed layer for emulsions S3, S4, S5 and S6.  

MFGM materials used as emulsifiers effectively created visually stable emulsions to 

coalescence over time. A broad size distribution can be observed in Figure 4.3, despite average 

being smaller. Different samples were used; however, average particle size was kept consistent 

throughout the experiments.  Emulsions stored at 4°C for up to 2 months kept their emulsified 

state without phase separation or creaming. Particle size distribution for the emulsion made 

with all MFGM fractions remained unchanged compared to day 0 (Figure 4.3), indicating that 

all MFGM fractions used had an excellent stability and effectively created stable O/W 

emulsions for the encapsulation of curcumin. 
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Figure 4.3. Particle size distribution of emulsions at day 0 (square), day 7 (diamond), day 20 (triangle) and day 

40 (circle) of storage at 4°C (a=MFGM1, b=M2FGM, c=MFGM3) 

The MFGM’s original function is to stabilize fat globules in milk, making the materials 

isolated from buttermilk or cream efficient naturally-occurring surface-active materials with 

high emulsifying capacity. Similar to the results observed in this study, Cooredig and Dalgleish 

(1998) also observed that MFGM material isolated from raw cream created stable emulsions 

at neutral pH. They observed a strong molecular interaction between the adsorbed MFGM, 
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composed of phospholipid and protein, at the interface of the oil droplets (Corredig and 

Dalgleish, 1997, Corredig and Dalgleish, 1998). It is important to note that some of the 

processes applied in the manufacture of buttermilk, such as heat and churning, might cause 

extensive denaturation of the membrane proteins and the association of -lactoglobulin with 

MFGM proteins, leading to fractions with a poor emulsifying ability (KANNO et al., 1991). 

A more recent study attempted to mimic the functions of MFGM in milk and used an 

ingredient rich in MFGM containing polar lipids and proteins as an emulsifier. They observed 

that the emulsions were susceptible to pH changes, and aggregation occurred at a pH lower 

than 5.5. The MFGM fragments were not only adsorbed at the surface of fat globules but also 

protruded into the aqueous phase. Similar to the current study, they observed no coalescence 

after 30 days of storage of emulsions (Lopez et al., 2017).  

b) Zeta-potential 

The zeta-potential of the fat globules in milk is approximately −10 mV, which indicates 

relatively low contributions from electrostatic repulsions. Partial coalescence of fat globules is 

known to occur upon milk storage at low temperatures because of the formation of fat crystals, 

which can protrude from the globule surface and damage the MFGM (Singh, 2019, Thompson 

and Singh, 2006, Walstra, 2005). Emulsions prepared using MFGM-derived materials as 

emulsifiers had negative charges, higher than those in the naturally occurring milk fat globules. 

The MFGM1 emulsions, composed of only phospholipids, had the highest negative zeta-

potential and stronger electrostatic repulsion (S1 and S2), followed by MFGM3 (S5 and S6) 

and MFGM2 (S3 and S4), with the lowest (negative) zeta-potential and weaker electrostatic 

repulsion (Figure 4.4). 
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Figure 4.4. Zeta-potential of emulsions prepared using selected emulsifier concentrations (S1, 5% w/w MFGM1, 

20% w/w coconut oil; S2, 5% w/w MFGM1, 10% w/w coconut oil, 10% w/w fish oil; S3, 3% w/w MFGM2, 20% 

w/w coconut oil; S4, 3% w/w MFGM2, 10% w/w coconut oil, 10% w/w fish oil; S5, 3% w/w MFGM3, 20% w/w 

coconut oil; S6, 3% w/w MFGM3, 10% w/w coconut oil, 10% w/w fish oil). Data are shown as mean + SEM of 

N=6 replicates. Different letters represent significant difference (p<0.05). 

There was no significant interaction between oil type and emulsifier on the zeta 

potential (Pr > F 0.1052). Different oil compositions led to statistically equal zeta-potential (Pr 

> F 0.8034), while the emulsifier type did affect the zeta-potential (Pr > F <0.0001), resulting 

in statistical differences between fractions with increasing electrostatic repulsion from 

MFGM1>MFGM3>MFGM2. The understanding of electric charge interactions is key in the 

development of food systems as they determine the type of interactions between particles and 

the surrounding media, therefore determining food structure and stability. The zeta potential is 

the most widespread charge measurement related to colloidal stability, with threshold between 

stable and unstable systems been considered within ± 0 to10, ± 10 to 20, ± 20 to 30, and ± 30 

mV as very unstable, relatively stable, moderately stable, and highly stable respectively 

(Sherman, 1970, Cano-Sarmiento et al., 2018). Surface layers of fat globules in artificial 

emulsions are formed by milk proteins and the zeta-potential values of these products were 

found to be −19 mV for homogenized fat globules of a commercial milk emulsion, −22 mV 

for natural fat globules of a commercial cream, about − 36 mV for fat globules of a recombined 

milk emulsion, and about −19 mV for fat globules of recombined cream emulsion (Wade and 

Beattie, 1997). The emulsions prepared using MFGM derived material in this study presented 

zeta-potential similar to those in surface layer of fat globules, except for MFGM1 which 

presented higher zeta-potential, potentially due to the lack of serum protein in its composition. 
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Based on stability threshold, emulsions in this study can be considered moderately stable (S3 

to S6) and highly stable (S1 and S2). 

c) Confocal laser scanning microscopy 

The selected MFGM concentrations led to emulsions with similar particle size 

distribution (Figure 4.5) and small mean particle size. In a monodispersed colloidal system, the 

surface weighted mean diameter (d3,2) and volume-weighted mean diameter (d4,3) are the same, 

while these will be different in a polydispersed design. The volume-weighted mean diameter 

(d4,3) values were suggested to be more sensitive to coalescence or flocculation as compared to 

surface weighted mean diameter (d3,2) values (McClements, 2015). Statistical analysis 

indicated no effect of oil on mean particle size, and emulsions prepared using same emulsifier 

and different oil types showed similar size distribution (Figure 4.5); therefore only CO 

emulsions were used for structural representation using confocal laser scanning microscopy 

(CLSM) (Figure 4.6).  

 
Figure 4.5. Particle size distribution of emulsions prepared using selected emulsifier concentrations (S1, 5% w/w 

MFGM1, 20% w/w coconut oil; S2, 5% w/w MFGM1, 10% w/w coconut oil, 10% w/w fish oil; S3, 3% w/w 

MFGM2, 20% w/w coconut oil; S4, 3% w/w MFGM2, 10% w/w coconut oil, 10% w/w fish oil; S5, 3% w/w 

MFGM3, 20% w/w coconut oil; S6, 3% w/w M3, 10% w/w coconut oil, 10% w/w fish oil). Figure (a) illustrates 

mono- (yellow) and poly- (orange) dispersed colloidal systems.
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The broader the distribution, the lower the homogeneity in particle size. A monomodal 

distribution with a narrow size range was observed. However, CLSM images indicated the 

presence of both small and large particles in MFGM-prepared emulsions. Emulsions S3 and 

S5, prepared using MFGM2 and MFGM3, had milk protein in their compositions, which 

promoted flocculation of droplets. Those can be observed in Figure 4.6 (b and c) by 

agglomerates of protein (green-stained) bringing small oil droplets together (red-stained). 

Purple-coloured images (d to f) illustrate the binding of phospholipids to the droplet surface. 

 
Figure 4.6. CLSM images of emulsions prepared using selected emulsifier concentrations, (a and d = 5% w/w 

MFGM1, 20% w/w coconut oil; b and e = 3% w/w MFGM2, 20% w/w coconut oil; c and f = 3% w/w MFGM3, 

20% w/w coconut oil. A,b,c = oil was stained with Nile Red (color-coded red) and proteins were stained with Fast 

Green (color-coded green); d,e,f = stained with Rd-DOPE, a fluorescent phospholipid analogue. 

a b
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d) Curcumin loading efficiency 

The term loading efficiency (LE) is used to describe the entrapment capacity of a 

bioactive in an emulsion system. It can also be described as “yield”, “encapsulation efficiency”, 

or “incorporation efficiency”, all providing quantitative information as a percentage of the total 

curcumin added vs the mass of curcumin entrapped into the delivery system (Araiza-Calahorra 

et al., 2018, McClements et al., 2009).  

The emulsions prepared using MFGM fractions showed high LE with significant higher 

values (p<0.05) for those prepared using MFGM1 (S1 and S2), followed by those prepared 

using MFGM2 (S3 and S4) and MFGM3 (S5 and S6). There was no significant interaction 

between oil and emulsifier type on LE (Pr > F 0.2811). Although no statistical differences were 

observed for MFGM2 and MFGM3, emulsions S5 and S6 presented slightly lower LE (Figure 

4.7). While emulsifier type affected LE (Pr > F 0.0231), the type of oil did not influence LE 

(Pr > F 0.5636). A total of 2 mg curcumin per gram of oil was added to prepare CO emulsions 

(S1, S3 and S5), leading to a total of 1 mg curcumin per gram of oil in CO and FO (1:1) 

emulsions. Since oil was heated to allow curcumin solubilisation and FO is susceptible to 

oxidation, no heat was applied to FO, and the CO containing solubilised curcumin was mixed 

(1:1) with FO. 

 
Figure 4.7. Loading efficiency (LE - total emulsion basis) of emulsions prepared using selected emulsifier 

concentrations (S1, 5% w/w MFGM1, 20% w/w coconut oil; S2, 5% w/w MFGM1, 10% w/w coconut oil, 10% 

w/w fish oil; S3, 3% w/w MFGM2, 20% w/w coconut oil; S4, 3% w/w M2, 10% w/w coconut oil, 10% w/w fish 

oil; S5, 3% w/w MFGM3, 20% w/w coconut oil; S6, 3% w/w M3, 10% w/w coconut oil, 10% w/w fish oil). Data 

are shown as mean + SEM of N=6 replicates. Different letters represent significant difference (p<0.05) between 

LE. 
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Considering that high amounts of curcumin are needed for the desired effects, a high 

LE is ideal. The LE of emulsions is influenced by the type of emulsifier and its structural 

arrangements at the interface or the curcumin-surfactant interactions. Curcumin molecules 

consist of mainly hydrophobic and some hydrophilic groups that can interact with surfactant 

molecules via hydrophobic and electrostatic interactions (Yu and Huang, 2010). Emulsions 

stabilised by mixed surfactant systems, both hydrophilic and hydrophobic parts, might 

contribute to the solubilisation of curcumin. In this study, curcumin incorporation was higher 

for emulsions prepared using MFGM material rich in phospholipids (MFGM1), suggesting that 

interactions between curcumin and phospholipids might have contributed to LE. A previous 

study encapsulated 15 mg of curcumin into 30mL nanoemulsions prepared by thin-film 

hydration method stabilised by optimised mixtures of hydrogenated L-α- phosphatidylcholine 

(HEPC) (surfactant) and polyoxyethylene hydrogenated castor oil 60 (HCO-60) (co-surfactant) 

or HEPC and Tween 80. The authors found LE of 100% and ∼97% for HEPC/HCO-60 and 

HEPC/Tween 80, respectively  (Anuchapreeda et al., 2012). Jintapattanakit et al (2018) tested 

the solubility of 10 vegetable oils varying in chain length and found that coconut oil showed 

the highest solubility for curcumin. The predominance of MCT and the high polar groups per 

unit mass of coconut oil could be the reason for curcumin’s higher solubility through dipole-

dipole interactions.  

e) Phospholipids 

Emulsions prepared using different MFGM fractions presented significant differences 

in their phospholipid concentration (Table 4.7). There was no interaction between oil and 

emulsifier type on the phospholipid concentration of emulsions for any PL group (Pr>F > 0.05). 

Similarly, oil composition had no effect on phospholipids concentrations, and only emulsifier 

type promoted significant changes in the emulsion composition for all phospholipids classes 

(Pr>F <0.05). Emulsions presented similar concentrations of phospholipids groups to their 

correspondent MFGM fractions. However, variations were observed between overall absolute 

composition among individual phospholipids groups for all MFGM fractions and their 

corresponding emulsions (Figure 4.8).
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Table 4.7. Phospholipid class distribution in emulsions prepared using selected emulsifier concentrations 

 

 

 

 

 

 

 

 

 

S1, 5% w/w MFGM1, 20% w/w coconut oil; S2, 5% w/w MFGM1, 10% w/w coconut oil, 10% w/w fish oil; S3, 3% w/w MFGM2, 20% w/w coconut oil; S4, 3% w/w MFGM2, 

10% w/w coconut oil, 10% w/w fish oil; S5, 3% w/w MFGM3, 20% w/w coconut oil; S6, 3% w/w MFGM3, 10% w/w coconut oil, 10% w/w fish oil) 

PE=Phosphatidylethanolamine, PC=Phosphatidylcholine, SM=Sphingomyelin, PS=Phosphatidylserine, PI=phosphatidylinositol, LPE- Lyso-Phosphatidylethanolamine, LPC- 

Lyso-Phosphatidylcholine. Data are shown as mean + SEM of N=6 replicates. Different letters indicate significant differences between lines in the same column. 

Overall, SM was the predominant phospholipid group for all emulsifiers, with exemption of S2 emulsions, prepared using MFGM1, were 

PC was the predominant phospholipid group. The remaining groups were distributed equally in emulsions compared to MFGM1 and its emulsions, 

indicating similar phospholipid compositions. More prominent differences were observed for MFGM2 and its corresponded emulsions S3 and S4, 

with a shift from highest PE concentrations in the MFGM fraction to highest concentration of SM in emulsions. Similar behaviours were observed 

for MFGM 3 and emulsions S5 and S6, where the highest concentration of SM was observed in emulsions compared to the MFGM fraction used 

for its preparation. It is likely that the emulsification process promoted interactions between the MFGM fractions and the system, interfering with 

their arrangements and contributing to differences in the extraction and recovery of those samples from emulsions as compared to MFGM fractions 

alone. Additionally, working with emulsions instead of powdered fractions can inflict homogeneity problems. 

 Phospholipid concentration µg/mg (mg/g) 

Emulsion  PE PC SM PS PI  LPE LPC TPL 

S1 3.84 ± 0.08a 4.52 ± 0.07a 4.73 ± 0.07ab 0.91 ± 0.06a 0.63 ± 0.09a 0.17 ± 0.00a 0.09 ± 0.00a 14.9 ± 0.19a  

S2 3.50 ± 0.15a 5.19 ± 0.47a 4.99 ± 0.07ab 0.98 ± 0.08a 0.57 ± 0.09ab 0.23 ± 0.02a 0.14 ± 0.02a 15.6 ± 0.72a 

S3 0.68 ± 0.16bc 0.73 ± 0.15b 1.73 ± 0.94bc 0.17 ± 0.06b 0.30 ± 0.13ab 0.04 ± 0.02b 0.02 ± 0.02ab 3.67 ± 1.22b 

S4 0.95 ± 0.06c 0.86 ± 0.08b 1.86 ± 0.72bc 0.20 ± 0.04b 0.38 ± 0.12ab 0.04 ± 0.01b 0.02 ± 0.01b 4.31 ± 0.76b 

S5 0.31 ± 0.05c 0.23 ± 0.04c 0.83 ± 0.30c 0.07 ± 0.01b 0.15 ± 0.04b -b -b 1.60 ± 0.29c 

S6 0.31 ± 0.03c 0.22 ± 0.02c 0.60 ± 0.23c 0.07 ± 0.02b 0.16 ± 0.06b 0.01 ± 0.00b -b 1.37 ± 0.24c 
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Figure 4.8. Phospholipid class distribution in emulsions prepared using selected emulsifier concentrations (S1, 

5% w/w MFGM1, 20% w/w coconut oil; S2, 5% w/w MFGM1, 10% w/w coconut oil, 10% w/w fish oil; S3, 3% 

w/w MFGM2, 20% w/w coconut oil; S4, 3% w/w MFGM2, 10% w/w coconut oil, 10% w/w fish oil; S5, 3% w/w 

MFGM3, 20% w/w coconut oil; S6, 3% w/w MFGM3, 10% w/w coconut oil, 10% w/w fish oil) 

PE=Phosphatidylethanolamine, PC=Phosphatidylcholine, SM=Sphingomyelin, PS=Phosphatidylserine, 

PI=phosphatidylinositol, LPE- Lyso-Phosphatidylethanolamine, LPC- Lyso-Phosphatidylcholine 

While it is easy to obtain a homogenous sample of powdered MFGM fraction, once this 

fraction is incorporated in an oil phase the recovery and collection of a homogenous sample 

can present a challenge. Although samples were vigorously mixed before extraction, that could 

explain the differences observed from raw material to corresponding emulsions in their relative 

phospholipid group distributions. 

iii) Curcumin and phospholipid distribution between the oil and aqueous phase 

Studies using MFGM-derived materials as emulsifiers have mostly focused on the 

protein characterization at the interface, and there are limited data on phospholipids available 

in the published literature. The study by Corredig and Dalgleish (1998), for example, described 

mainly the results obtained from observations of the protein fractions of MFGM isolates. The 

authors isolated the MFGM from fresh raw cream, which contained 40% less protein compared 

to the freeze-dried material. The authors specified that the MFGM isolate was composed 

mainly of PE, PC and SM (30, 16 and 10% of total lipid, respectively). A more recent study 

assessed the formation and stability under in vitro gastrointestinal conditions of liposomes 

formed either by soybean or MFGM phospholipids. The MFGM fraction used was composed 

of PC (> 23%), polar lipids (>73%), and saturated fatty acids (>37%). The authors analysed 

changes in structure, such as particle size and zeta potential, the lipolysis and release of calcein 
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in vitro, where calcein was used as a “model” compound to observe the release behaviour. 

However, no details on phospholipids composition and changes after simulated gastrointestinal 

digestion were described (Liu et al., 2012).  

The curcumin entrapped inside the oil droplets is considered to be encapsulated. It is 

therefore critical to understand its distribution between the cream and aqueous phase of 

emulsions. High speed centrifugation of emulsions allowed for the separation into cream and 

aqueous phases. The top cream phase was assumed to contain the encapsulated curcumin, the 

phospholipids and proteins absorbed to the surface of oil droplets, and the aqueous phase was 

assumed to contain unabsorbed phospholipids, proteins and curcumin. The curcumin extracted 

from both fractions was measured and the results presented as the percentage in each phase, 

calculated as [cream or aqueous curcumin × 100] ÷ total curcumin (Figure 4.9). 

 
Figure 4.9. Curcumin concentration in cream phase (green) and aqueous phase (pink) of emulsions prepared using 

selected emulsifier concentrations (S1, 5% w/w MFGM1, 20% w/w coconut oil; S2, 5% w/w MFGM1, 10% w/w 

coconut oil, 10% w/w fish oil; S3, 3% w/w MFGM2, 20% w/w coconut oil; S4, 3% w/w MFGM2, 10% w/w 

coconut oil, 10% w/w fish oil; S5, 3% w/w MFGM3, 20% w/w coconut oil; S6, 3% w/w MFGM3, 10% w/w 

coconut oil, 10% w/w fish oil) after centrifugation. 

For all emulsions, independent of oil, most curcumin was found in the cream phase, 

indicating that curcumin was present in the emulsion’s surface and/or present inside the oil 

droplets. Although no significant differences were observed between the systems, the type of 

emulsifier had a significant effect (Pr>F 0.0231) on the entrapment of curcumin, with 

emulsions prepared by MFGM2 (S3 and S4) presenting a slightly higher entrapment than those 

prepared with MFGM1 and MFGM3. PC was one of the predominant phospholipid groups for 

all emulsions systems. Some commercially available formulations have used PC to improve 
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curcumin’s bioavailability, suggesting that interactions between curcumin and phospholipids 

occurred and potentially influenced the loading efficiency for the emulsions in this study.  

Curcumin has polar groups that are believed to bond via hydrogen and dipole 

interactions with the polar head groups of PC, resulting in phospholipid particles carrying 

curcumin at their surface (Barry et al., 2009, Semalty et al., 2010). Barry et al. (2009) found 

that curcumin interacts with cell membranes, altering membrane and restricting the movement 

of the lipid acyl chains through strong binding to phospholipid micelles, positioning the water-

labile β-diketone moiety into the lipid bilayer and shielding it from hydrolytic degradation 

reactions. They concluded that curcumin bound to liposomes is protected from aqueous 

degradation, consequently enhancing the clinical efficiency of curcumin when administered in 

a liposomal form.  

Several studies have been designed to understand the behaviour of proteins adsorbed at 

the lipid droplets in O/W emulsions, including those emulsified using MFGM derived materials 

(Corredig and Dalgleish, 1998, Ye, 2008, Gallier et al., 2015, Young et al., 2018). However, 

very little has been reported on the behaviour of phospholipids at the interface of oil droplet; 

hence I tried to understand how the phospholipids behave during the preparation of O/W 

emulsion by identifying the phospholipid distribution in the cream (adsorbed) phase and 

aqueous (unabsorbed) phase. The concentration for individual phospholipid groups in both 

phases can be found in Table 4.8.
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Table 4.8. Mean phospholipid concentration of emulsions prepared using selected emulsifier concentrations 

 
Phospholipid concentration µg/mg (mg/g) 

 PE* PC* SM PS* PI LPE LPC* TPL 

S1 emulsion 3.84 ± 0.08 4.52 ± 0.07 4.73 ± 0.07 0.91 ± 0.06 0.63 ± 0.09 0.17 ± 0.00 0.09 ± 0.00 14.9 ± 0.19 

S1 cream 1.33 ± 0.03a 1.69 ± 0.02a 1.86 ± 0.03a 0.43 ± 0.03a 0.34 ± 0.05a 0.07 ± 0.00a 0.03 ± 0.00a 5.65 ± 0.07 

S1 aqueous 1.81 ± 0.04 1.94 ± 0.03 2.04 ± 0.03 0.33 ± 0.02 0.18 ± 0.03 0.05 ± 0.00 0.03 ± 0.00 6.46 ± 0.08 

S2 emulsion 3.50 ± 0.15 5.19 ± 0.47 4.99 ± 0.07 0.98 ± 0.08 0.57 ± 0.09 0.23 ± 0.02 0.14 ± 0.02 15.6 ± 0.72 

S2 cream 2.40 ± 0.06b 2.58 ± 0.16b 2.32 ± 0.28a 0.27 ± 0.04ab 0.15 ± 0.02a 0.09 ± 0.01a 0.06 ± 0.00b 7.90 ± 0.45 

S2 aqueous 2.40 ± 0.05 2.98 ± 0.18 3.13 ± 0.06 0.39 ± 0.02 0.25 ± 0.02 0.05 ± 0.00 0.09 ± 0.01 9.31 ± 0.29 

S3 emulsion 0.68 ± 0.16 0.73 ± 0.15 1.73 ± 0.94 0.17 ± 0.06 0.30 ± 0.13 0.04 ± 0.02 0.02 ± 0.02 3.67 ± 1.22 

S3 cream 0.40 ± 0.04c 0.50 ± 0.04c 1.65 ± 0.46ab 0.08 ± 0.02bc 0.32 ± 0.06ab 0.04 ± 0.01b 0.03 ± 0.01abc 3.35 ± 0.31 

S3 aqueous 0.08 ± 0.01 0.12 ± 0.01 0.68 ± 0.19 0.02 ± 0.00 0.11 ± 0.02 0.01 ± 0.00 - 1.19 ± 0.11 

S4 emulsion 0.95 ± 0.06 0.86 ± 0.08 1.86 ± 0.72 0.20 ± 0.04 0.38 ± 0.12 0.04 ± 0.01 0.02 ± 0.01 4.31 ± 0.76 

S4 cream 0.50 ± 0.01c 0.53 ± 0.03c 1.35 ± 0.39ab 0.16 ± 0.02cd 0.37 ± 0.08ab 0.03 ± 0.00b 0.02 ± 0.01bc 3.18 ± 0.35 

S4 aqueous 0.13 ± 0.03 0.14 ± 0.01 0.43 ± 0.12 0.02 ± 0.00 0.08 ± 0.02 0.02 ± 0.00 0.01 ± 0.00 0.91 ± 0.11 

S5 emulsion 0.31 ± 0.05 0.23 ± 0.04 0.83 ± 0.30 0.07 ± 0.01 0.15 ± 0.04 - - 1.60 ± 0.29 

S5 cream 0.26 ± 0.01d 0.19 ± 0.01d 1.21 ± 0.28b 0.05 ± 0.01d 0.19 ± 0.03b 0.02 ± 0.00c 0.01 ± 0.01 c 1.94 ± 0.21 

S5 aqueous 0.05 ± 0.01 0.03 ± 0.01 0.18 ± 0.09 0.01 ± 0.00 0.02 ± 0.01 - - 0.31 ± 0.12 

S6 emulsion 0.31 ± 0.03 0.22 ± 0.02 0.60 ± 0.23 0.07 ± 0.02 0.16 ± 0.06 0.01 ± 0.00 - 1.37 ± 0.24 

S6 cream 0.26 ± 0.01d 0.21 ± 0.01d 0.75 ± 0.21b 0.06 ± 0.01 d 0.21 ± 0.05b 0.01 ± 0.00c 0.01 ± 0.00c 1.64 ± 0.16 

S6 aqueous 0.04 ± 0.00 0.04 ± 0.00 0.11 ± 0.03 0.01 ± 0.00 0.03 ± 0.01 - - 0.24 ± 0.03 

Cream data refers to adsorbed phospholipids, while aqueous refers to unabsorbed phospholipids. S1, 5% w/w MFGM1, 20% w/w coconut oil; S2, 5% w/w MFGM1, 10% w/w 

coconut oil, 10% w/w fish oil; S3, 3% w/w MFGM2, 20% w/w coconut oil; S4, 3% w/w MFGM2, 10% w/w coconut oil, 10% w/w fish oil; S5, 3% w/w MFGM3, 20% w/w 

coconut oil; S6, 3% w/w MFGM3, 10% w/w coconut oil, 10% w/w fish oil). PE=Phosphatidylethanolamine, PC=Phosphatidylcholine, SM=Sphingomyelin, 

PS=Phosphatidylserine, PI=phosphatidylinositol, LPE- Lyso-Phosphatidylethanolamine, LPC- Lyso-Phosphatidylcholine. Asterix (*) indicates significant interactions between 

oil and emulsifier in the absorbed concentration of phospholipid (cream phase). Different letters indicate significant differences in individual phospholipids groups in each 

column.
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A significant interaction between oil type and the phospholipids adsorbed to the 

emulsion’s surface was observed for the phospholipid groups PE (Pr > F 0.0001), PC (Pr > F 

0.001), PS (Pr > F 0.0153) and LPC (Pr > F 0.0035), indicating a higher adsorption of PE, PC, 

PS and LPC to the surface compared to what was present in the original MFGM sample. Those 

changes in distribution in the cream phase were dependant on oil and emulsifier type. For PE, 

higher concentrations were observed for emulsions prepared using a combination of CO and 

FO and MFGM1. For MFGM 2 and MFGM 3, the type of oil did not influence PE 

concentration; only emulsifier did so. Similar behaviours can be observed for PC, PS and LPE, 

with significant differences occurring as indicated in Table 4.8. Conversely, SM, PI and LPC 

showed no significant interactions between oil and emulsifier. Changes for those phospholipid 

groups were only dependent on emulsifier type, with no effect of oil. MFGM1 stabilised 

emulsions had significantly higher concentrations of SM (Pr > F 0.0015) than MFGM3, while 

no differences were observed between MFGM1 and MFGM2 and MFGM2 and MFGM3 

emulsions for SM distribution in cream phase. Similar behaviour was observed for PI (Pr > F 

0.0464), while LPE (Pr > F 0.003) concentrations differed among MFGM fractions in the 

cream phase. 

The total phospholipid was considered the sum of individual phospholipid classes. For 

MFGM1 prepared emulsions, 46.5% of the TPL was found in the cream phase, indicating that 

a significant amount of the phospholipid emulsifier was not adsorbed to the surface of the lipid 

droplets. In contrast, for MFGM2 and MFGM3, TPL were present primarily on the surface, 

with means of 76 and 86.5%, respectively (Figure 4.11).  
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Figure 4.10. Total phospholipid concentration in surface and aqueous phases of emulsions prepared using selected 

emulsifier concentrations after phase separation by centrifugation. S1, 5% w/w MFGM1, 20% w/w coconut oil; 

S2, 5% w/w MFGM1, 10% w/w coconut oil, 10% w/w fish oil; S3, 3% w/w MFGM2, 20% w/w coconut oil; S4, 

3% w/w MFGM2, 10% w/w coconut oil, 10% w/w fish oil; S5, 3% w/w MFGM3, 20% w/w coconut oil; S6, 3% 

w/w MFGM3, 10% w/w coconut oil, 10% w/w fish oil). 

Interestingly, the smaller the amount of phospholipids in the fraction, the more they 

moved to the surface, with the fraction containing the lowest concentration (MFGM3) 

presenting the highest proportion of phospholipids attached to the surface. A higher 

concentration of MFGM1 was needed to reach a smaller particle size. However, phospholipid 

distribution data suggested that extra emulsifier was added to the system, and that a 

concentration of 2.5% could be sufficient for full droplet coverage. The excess in phospholipids 

indicated that the oil droplets were already saturated and suggested that formation of 

phospholipid micelles occurred in the aqueous phase. Those differences can additionally be 

attributed to the protein composition of fractions. Proteins adsorbed to the oil surface more 

preferably than phospholipids. MFGM2 and MFGM3 were composed of a mixture of protein 

and phospholipids, while MFGM1 had only phospholipids present. Nevertheless, MFGM1 

emulsions S1 and S2 presented the highest loading efficiency and higher phospholipids than 

other fractions even at lower percentages in the cream phase. 

4.5 Conclusions 

In this chapter, it has been demonstrated that the tested MFGM fractions were efficient 

and effective in creating O/W emulsions with small particle size. MFGM2 and MFGM3 had 

significantly smaller particle size and had most of the phospholipids adsorbed to the oil surface, 

yet all emulsions were stable to coalescence over 40 days of storage. The curcumin loading 

efficiency was above 80% for all emulsions, with curcumin preferably located in the cream 
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phase of emulsions. Even though MFGM1 prepared emulsions had a larger particle size and 

only about half of the phospholipids were present in the cream phase, those emulsions were 

the ones with the highest loading efficiency. The absolute phospholipid concentration in the 

cream phase of MFGM1 stabilised emulsions was still higher than MFGM2 and MFGM3 

stabilised emulsions. A high loading efficiency is desirable for the final goal of this study and 

Chapters 5 and 6 will further explore the behaviour of those emulsions systems under in vitro 

and in vivo gastrointestinal digestion as well as their curcumin bioaccessibility and 

bioavailability. The successful findings from the first stage of the study, presented in this 

Chapter, indicate that all MFGM fractions are good candidates to prepare delivery systems for 

curcumin encapsulation, enabling the formation of a stable phospholipid layer to stabilise the 

system. 



 75 

 

Chapter 5 - Behaviour of curcumin loaded oil-in-water emulsions prepared 

using milk fat globule membrane material under in vitro gastrointestinal 

conditions 

Abstract 

Curcumin has very low solubility in physiological fluids, leading to low bioavailability 

and systemic delivery. Encapsulation in a lipid system was the chosen strategy for this study 

to encapsulate and protect curcumin from degradation in the gastrointestinal tract (GIT), 

consequently increasing the chances of improved delivery. The aim of this chapter was to 

evaluate if oil-in-water emulsions prepared using a number of milk fat globule membrane 

(MFGM) materials were able to increase curcumin bioaccessibility through protection against 

in vitro gastrointestinal digestion.   

Changes in emulsion structure and curcumin bioaccessibility were studied. The particle 

size of emulsions prepared using MFGM materials increased significantly after gastric 

digestion; for MFGM3, the d3,2 value was 0.46m before versus 1.25m after simulated gastric 

digestion. These changes promoted flocculation and coalescence of oil droplets. Significant 

differences were observed after simulated intestinal digestion, with pancreatin promoting 

disruption of emulsion structure, release of free fatty acids (FFA), and formation of mixed 

micelles.  

 The maximum release of FFA was 38%, indicating that a portion of the oil remained 

undigested. Those results confirm the relatively low bioaccessibility observed for MFGM2 and 

MFGM3 stabilised emulsions (12 to 25%). MFGM1 stabilised emulsions showed higher 

bioaccessibility (43 and 46%), which can be attributed to a higher concentration of 

phospholipids and their self-assembly into micelles, even with low FFA release. Individual 

phospholipid groups were measured and changes observed after in vitro intestinal digestion, 

with an increase in the lyso-, or hydrolysed, forms of PE and PC. Total phospholipids 

preferably attached to the cream phase of emulsions when present in small concentrations, 76% 

for MFGM2 and 87% for MFGM3, as opposed to 46% for MFGM1, which contained 

significantly higher concentration of phospholipids. After submitting to in vitro gastric 

digestion, the concentration of total phospholipids in the cream phase increased to 97%, 95% 

and 100% for MFGM1, MFGM2 and MFGM3, respectively.   
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5.1 Introduction 

The human gastrointestinal system, also referred to as the gastrointestinal tract (GIT), 

consists of mouth, oesophagus, stomach, small intestine and large intestine. In addition, 

adjacent organs are involved in the complex functioning of the tract, including the liver and 

pancreas. All these play a vital role in breaking down complex food structures into small and 

readily absorbable compounds, allowing the body to obtain the necessary nutrients to operate 

healthily and efficiently (Singh and Gallier, 2017). Many health conditions, such as obesity, 

hypertension and cardiovascular disease, have been strongly associated with food habits. 

Acquiring relevant knowledge and understanding the mechanisms behind the treatment, 

transportation and utilisation of the major food components in the digestive system is critical 

to tackle those issues and help improve overall health (Norton et al., 2006).  

Food structure and composition are critical in the digestive process. Understanding food 

interactions with the gastrointestinal fluids enables manufactures to tailor-made foods with 

improved nutrition. Lipids are essential dietary nutrients and are present in many food sources 

that humans ingest daily, being often present in food in the form of an emulsion or part of a 

complex food structure. Among foods designed for specific needs are those used to encapsulate 

and improve the delivery of bioactive compounds. Emulsion-based systems are widely used to 

enhance the delivery of hydrophilic bioactive compounds, such as curcumin, quercetin, 

ascorbic acid and lycopene (Di Lorenzo et al., 2021, McClements and Xiao, 2017). They can 

be designed using different oil compositions and concentrations, which can determine the 

amount of bioactive compound that the system can carry and their functionality. Proteins, 

phospholipids, and other compounds are often used as emulsifiers due to their amphiphilic 

nature. These are essential to creating emulsions and forming an adsorbed layer at the oil 

droplet. The nature of the adsorbed layer determines not only the system’s stability under 

storage, but more importantly its fate and stability throughout the GIT (Farhang et al., 2012, 

McClements and Xiao, 2017, Singh, 2019).  

Milk is a naturally occurring emulsion in which triglycerides are encapsulated by a 

complex tri-layer membrane of phospholipids and proteins known as the milk fat globule 

membrane (MFGM) (Singh, 2006). Study designs inspired by the properties of MFGM have 

attempted to mimic this naturally occurring system. For instance, Livney et al. (2017) created 

a prototype of a MFGM-resembling lamellar phospholipid structure by preparing double 
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emulsions coated by lactoferrin and milk-phospholipid concentrate. The emulsions had a zeta 

potential of -26.1 mV after phospholipid incorporation, which allied with microstructure 

images that confirmed the coverage of the droplet surface with phospholipids (Livney et al., 

2017).  

Proteins and phospholipids derived from MFGM have different properties in stabilising 

emulsions. One study isolated both fractions from reconstituted buttermilk and found that 

proteins were preferentially adsorbed to the emulsion droplet surface compared with 

phospholipids (Phan et al., 2016). Another study found superior emulsifying stability for 

emulsions prepared using phospholipid concentrate compared to those prepared using milk 

protein concentrate, which indicated that MFGM phospholipids are more suitable as membrane 

materials to simulate human milk fat globules (Sun et al., 2022). Corredig & Dalgleish (1998) 

also used a fraction derived from MFGM isolated from fresh cream to stabilise emulsions. The 

stability of their emulsions was analysed under varying pH and temperature, and the authors 

found that emulsions prepared with MFGM fractions were more stable at neutral pH. In 

addition, the droplet surface was not displaced by addition of other surfactants, indicating a 

strong molecular interaction between the adsorbed MFGM fraction composed by proteins and 

phospholipids to the oil droplet.  

Dietary lipids (triglycerides) are the constituents of fats (solid) and oils (liquid) found 

in both animal-based and vegetable-based food sources. The esterification and position (sn-1, 

sn-2, sn-3) of fatty acids, the chain length, and the position and presence of double bonds 

collectively determine the physicochemical properties of triglycerides and contribute to the 

degree of lipolysis they undergo in the GIT (Singh et al., 2009). As shown in Figure 5.1, lipids 

ingested as an emulsion undergo structural changes and rearrangements in their surface 

structure that eventually enable the action of lipophilic enzymes to break down triglycerides 

into monoacylglycerol (MAG), diacylglycerol (DAG) and free fatty acids (FFA) (Acevedo-

Fani and Singh, 2022). Curcumin has been incorporated into emulsion-based delivery systems 

in many research studies, yet curcumin’s low bioaccessibility remains an issue due to its low 

solubility in aqueous solutions (< 0.03M in buffer at pH < 7), susceptibility to degradation in 

aqueous environments, and low bioavailability (Armand, 2007, Price and Buescher, 1997, 

Tønnesen H.H., 1982, Tønnesen et al., 2002).  
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Figure 5.1 Schematic representation of lipid digestion and the possible changes in emulsion structure as it passes 

through the GIT from mouth to small intestine. Adapted from Singh, Ye & Horne, 2009.   

Once ingested, the interaction of an emulsion with salivary enzymes and salts of 

different ionic strengths, as well as the mechanical effect of shear and peristaltic movements, 

starts promoting structural changes such as flocculation. The initial effects may be attributed 

in part to salivary fluids and proteins, mainly mucins. However, the period of time that liquid 

emulsions stay in the mouth is very short, and the mucin concentration in human saliva is low 

(0.02%), suggesting that the minor changes occurring during this step might be related to 

interactions with other components (Singh et al., 2009, Acevedo-Fani and Singh, 2022).  

During swallowing, a series of movements promoted by the tongue, throat, oesophagus 

and stomach move the emulsion from the oral to the gastric cavity. Those movements might 

affect the emulsion structure, but this mechanism has not been fully explored (Weisbrodt, 

2001). In addition to high shear, the gastric environment presents a low pH and a series of 

enzymes and minerals. The pH and ionic strength vary across individuals, representing 

differences in the rate of digestion between adults and the elderly, for example. The 

combination of emulsions with digestive juices promotes structural changes such as 

flocculation, coalescence and modification of the interfacial layer. Competitive adsorption 

between surface components and dietary and endogenous surface-active compounds facilitates 
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emulsification and alters the emulsion’s adsorbed layer (Carriere et al., 1993, Armand et al., 

1994).  The action of pepsin at an optimum pH 2-3 promotes mainly the breakdown of proteins; 

however, 10-30% of lipolysis may occur in the stomach by the action of gastric lipase. Gastric 

lipase has its optimum lipolytic activity at pH 5–5.4 and promotes the hydrolysis of 

triacylglycerol (TAG) at the sn3 position, leading to the formation of sn1,2-DAG (Rogalska et 

al., 1990).  

Peristaltic movements promote gastric emptying with the passage of chyme (or 

modified emulsions) to the small intestine, where most lipolysis occurs. In the duodenum, 

emulsions are mixed with bile salts and other surface-active components that promote partial 

or total displacement of adsorbed material to the lipid droplets. The high pH and ionic strength 

in the small intestine and the displacement of the surface constituents by bile salts allow 

colipase to bind to the oil-water interface, anchoring pancreatic lipase at the surface and thus 

providing an adequate environment for the breakdown of TAG. The extent of binding is related 

to the physicochemical and compositional structure of the interface. During hydrolysis of the 

droplet core by lipase, DAG, MAG and FFA are produced and can also act as surface-active 

compounds (Wickham et al., 1998, Fave et al., 2004, Bezzine et al., 1999). The majority of 

lipid hydrolysis products are insoluble in water; however, they are solubilised by the liquid 

luminal contents of the intestine through the formation of micelles or self-assembled structures 

containing bile salts, fatty acids, MAG, phospholipids and cholesterol. Enterocytes, or 

polarised epithelial cells, are responsible for the uptake and absorption of most nutrients in the 

form of mixed micelles containing bioactive compounds, after which the enterocytes transport 

these nutrients to the blood (D'Aquila et al., 2016).  

The bioavailability of curcumin is determined by its bioaccessibility, which is described 

as the fraction initially ingested that is solubilised within the gastrointestinal fluid in a form 

that can be absorbed by the epithelial cells (Fernandez-Garcia et al., 2009). Bioaccessibility 

refers to the portion of a nutrient, compound, or substance present in a given matrix, such as 

food, that is liberated and accessible for potential absorption in the gastrointestinal tract post-

digestion. It assesses the release and solubilization of the substance in relation to its matrix, 

offering insights into its initial availability for absorption. On the other hand, bioavailability 

refers to the fraction of a substance that is effectively absorbed, undergoes systemic 

distribution, and becomes biologically available for utilization by the body. This includes 

processes such as metabolism and excretion that influence the substance's functionality. 

Together, these concepts provide a comprehensive understanding of how substances interact 
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with the body, from initial liberation to physiological utilization (Rutherfurd et al., 2015; 

Greger, 1998). The bioaccessibility of a nutraceutical is defined as the portion of bioactive that 

has been incorporated into mixed micelles in the small intestine and is ready for absorption 

through the intestinal wall. Oral bioaccessibility is a crucial parameter to assess the relationship 

between food and its health benefits (Ahmed et al., 2012). Therefore, in this chapter the fate of 

emulsions stabilised by MFGM under in vitro gastrointestinal conditions and the 

bioaccessibility of curcumin were studied. The main objective was to identify the differences 

between selected emulsifiers and oil composition on curcumin’s bioavailability, with the intent 

to select the optimal system for a subsequent in vivo animal trial.  

5.2 Materials and Methods  

5.2.1 Materials 

For detailed information about general materials used for emulsion preparation and 

characterization, refer to Chapter 3 (Materials and equipment) and Chapter 4 (milk fat globule 

membrane derived material as an emulsifying agent in the preparation of curcumin loaded oil-

in-water emulsions). Chemicals of general use have also been listed in Chapter 3 (3.1.7). 

Porcine pepsin (CAS 9001-75-6), bovine bile extract (CAS 8008-63-7), porcine pancreatin 

(CAS 8049-47-6), KCl (CAS 7447-40-7), KH2PO4 (CAS 7778-77-0), NaHCO3 (CAS 144-55-

8), NaCl (CAS 7647-14-5), MgCl2 (CAS 7786-30-3), (NH4)2CO3 (CAS 506-87-6) and 

Pefabloc® (CAS 30827-99-7) were purchased from Sigma-Aldrich Co. LLC, USA.  

5.2.2 Methods 

5.2.2.1 Preparation and characterisation of O/W emulsions  

Six emulsion systems were prepared using high pressure homogenisation and 

characterized by particle size distribution, zeta-potential and microscopic structure as described 

in Chapter 4. Curcumin and phospholipid distribution in the emulsion system was also 

determined using chromatography. Emulsions were prepared at least in triplicate using 

medium-chain triglyceride oil (MCT) either alone or in combination with fish oil (FO), 

combined with one of three MFGM-derived materials (Table 5.1).  
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Table 5.1. Emulsions coding and composition. MCT = Medium chain triglyceride oil; FO = Fish oil 

Emulsion code Oil composition – 20% (w/w) Emulsifier composition 

S1 MCT MFGM1 (Lipid700) – 5% (w/w) 

S2 MCT:FO (1:1) MFGM1 (Lipid700) – 5% (w/w) 

S3 MCT MFGM2 (BPC50 GU09) – 3% (w/w) 

S4 MCT:FO (1:1) MFGM2 (BPC50 GU09) – 3% (w/w) 

S5 MCT MFGM3 (HFWPC70) – 3% (w/w) 

S6 MCT:FO (1:1) MFGM3 (HFWPC70) – 3% (w/w) 

5.2.2.2 Simulated gastrointestinal digestion 

The gastrointestinal digestion was carried out using the static INFOGEST digestion 

protocol as described by Brodkorb et al., (2019) without the addition of gastric lipase. The oral 

phase was conducted without the addition of amylase and used for purposes of dilution, as the 

emulsions contained no starch and liquid forms remain for a short period in the oral cavity 

(Brodkorb et al., 2019).    

a) Oral phase 

Simulated salivary fluid (SSF) consisted of 15.1 mM KCl, 3.7 mM KH2PO4, 13.6 mM 

NaHCO3, 0.15 mM MgCl2(H2O)6 and 0.06 mM (NH4)2CO3.  The pH was adjusted to 7 with 

the addition of HCl. Freshly prepared emulsions were mixed with SSF at a ratio of 1:1 (w/w) 

and 0.3M CaCl2 was added to achieve 1.5mM CaCl2 in the final mixture. No mastication 

simulation was needed for liquid emulsions; however, they were incubated in a water bath at 

37°C with magnetic stirring at 350 rpm for 2 min to ensure the formation of a homogeneous 

oral bolus.   

b) Gastric phase 

Simulated gastric fluid (SGF) consisted of 6.9 mM KCl, 0.9 mM KH2PO4, 25 mM 

NaHCO3, 47.2 mM NaCl, 0.12 mM MgCl2(H2O)6 and 0.5 mM (NH4)2CO3. The pH was 

adjusted to 3 with the addition of HCl and CaCl2 (0.3M) was added to achieve 0.15 mM CaCl2 

in the final mixture. The emulsion was mixed with SSF at a ratio of 1:1 (w/w) and pepsin was 

added to achieve 2000 U/mL activity in the final mixture. The samples were then incubated at 

37°C for 2 h in a shaking water-bath. Aliquots were collected at 15, 30, 60 and 120min for 

analysis of particle size, microstructural changes, and bioaccessibility. Enzyme inactivation 

after simulated gastric digestion was obtained by the addition of NaOH to reach pH 8.  
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c) Intestinal phase 

Simulated intestinal fluid (SIF) consisted of 6.8 mM KCl, 0.8 mM KH2PO4, 85 mM 

NaHCO3, 38.4 mM NaCl and 0.33 mM MgCl2(H2O)6. CaCl2 (0.3M) was added to achieve 0.6 

mM in the final mixture. Gastric digesta were mixed with SIF and bile salts (10mM in the final 

mixture). The pH was adjusted to 7 with the addition of NaOH or HCl and pancreatin solution 

was added. The final ratio of oral digesta and SIF + bile + pancreatin solution was 1:1 (v/v) 

and the samples were incubated at 37 °C under magnetic stirring at 350 rpm for 2 h. Pancreatin 

solution was prepared to achieve a lipase activity of 2000 U/mL in the final mixture. Aliquots 

were collected at 15, 30, 60 and 120min for analysis of particle size, microstructural changes, 

and bioaccessibility. The hydrolysis reaction was stopped by the addition of 5mM of 

Pefabloc®/mL of digesta.   

d) Kinetics of free fatty acid release 

The release of free fatty acids (FFA) during simulated intestinal digestion was 

quantified over 2 h while maintaining the pH at 7.0 by the addition of 0.05 M NaOH using a 

pH-stat (TIM 854, Radiometer). The percentage of FFA released was calculated based on the 

volume of NaOH consumed, assuming that lipase will hydrolyse two FFAs per triglyceride 

molecule (Li and McClements, 2010):  

%FFA = [100 × (VNaOH x MNaOH x MW lipid)] ÷ (2 × Wlipid) (1) 

where VNaOH is the volume (L) of 0.05 M NaOH solution consumed to neutralise the FFAs 

produced, MNaOH is the molarity (M) of the NaOH solution used, MW lipid is the mean molecular 

mass (g mol‒1) of the triglycerides and Wlipid is the total mass (g) of lipid present in the sample 

used for titration. 

The kinetic parameters for the initial FFA release were calculated using Equation (2) 

(Li & McClements, 2010):  

Φt = Φmax[1 – (1 + k1t) 
- 2] (2) 

where t is the intestinal digestion time (min), Φmax is the maximum total FFA level (%) and 

k1 is the first-order rate constant of FFA release (%FFA min‒1), which was calculated using the 

following equation:  
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k1 = 3kMw/2d0.p0 (3) 

where k (mol s−1 m−2) is the lipid conversion rate per unit area of the droplet surface, occurring 

at maximum lipase surface coverage, Mw is the molecular weight of the lipid, d0 is the initial 

mean diameter of the emulsion (d32) and p0 is the density of the lipid. 

In this study, Equation (2) was used as the mathematical model that gave the best fit to 

the experimental data. Non-linear regression analyses were done with R version 3.6.0 (R Core 

Team, 2019) using RStudio 1.1.447 (RStudio, Boston, MA, USA) and the nls function in the 

statistics package (version 3.6.0). The lipolysis half time (t1/2, min), i.e. the time required to 

achieve 50% lipid digestion, was obtained from the experimental FFA curve. 

5.2.2.3 Bioaccessibility 

After in vitro digestion, emulsions were centrifuged (15,000 g) at 25 °C for 30 min. 

The samples separated into a sediment phase at the bottom, a clear soluble phase in the middle 

(assumed to be the micellar phase), and sometimes an oil and/or cream phase at the top. 

Aliquots (0.5mL) of the soluble phase were collected using a pipette, vortexed with 0.5 ml of 

methanol, and then centrifuged at 15,000g (at room temperature) for 10 min. The top methanol 

layer was collected and set aside, while the bottom layer was vortexed with another 0.5 ml of 

methanol, and centrifuged again. The second top layer was added to the previously collected 

methanol layer, mixed, and analysed by HPLC as described in 3.2.3 and 4.3.2.5d. The 

bioaccessibility was calculated by dividing the curcumin concentration present in the soluble 

phase by the total observed curcumin concentration after simulated digestion and multiplying 

by 100 to obtain percentage values ([curcumin micelle × 100] ÷ total curcumin after digestion).  

5.2.2.4 Statistical analysis  

A 3-way ANOVA model was used to determine the effect of the emulsifier, oil type, 

and their interaction on several responses (e.g., particle size, zeta potential, curcumin loading 

efficiency and phospholipid distribution) using the Proc Mixed procedure. The model 

diagnostics (e.g., normal distribution) for each response variable were tested using the ODS 

Graphics procedure and the repeated statement of SAS. When the model assumptions were not 

fulfilled the raw data were transformed. When the F-value of the model was significant (P < 

0.05), the mean values of the two-way ANOVA were compared using the adjusted Tukey-
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Kramer test. Probability values were considered statistically different when P< 0.05, and values 

of 0.051< P < 0.10 were considered a trend. 

5.3 Results and discussion  

a) Particle size and zeta-potential during in vitro gastrointestinal digestion 

A liquid food, even if structured in a complex system such as milk, will have less 

interaction with salivary fluids, mucins and enzymes present in the mouth than a solid food 

that requires mastication. Considering that emulsions would experience minimal effects from 

those conditions, only salivary fluids were added to the oral phase of the in vitro gastrointestinal 

digestion in this experiment for purposes of dilution and electrolyte concentrations.  

Food emulsions can present a range of variations in structure, pH, rheology, ionic 

strength, and temperature. Consequently, the behaviour of different types of emulsions in the 

mouth can vary. A study by Sarkar et al., (2009) investigated the interaction of salivary fluids 

and mucins with positively and negatively charged emulsion systems. The negatively charged 

systems stabilised by -lactoglobulin showed no structural changes when exposed to artificial 

saliva without mucin and became unstable only after addition of more than 0.5% mucin. 

Depletion flocculation was observed at 1% mucin concentration, indicating interaction of 

mucin with the negatively charged protein layer of emulsions (Sarkar et al., 2009). The 

incubation time of mucin and emulsion in the study was 30 min, although for the ingestion of 

an emulsion in the form of a beverage or yogurt, the time in the mouth would be most likely 

less than 2 minutes. This reinforces the justification for use of fluids only for dilution purposes 

since interactions are unlikely to destabilise or cause major changes in food structure for the 

emulsion systems in this study.  

Emulsions prepared using various MFGM-derived materials and oil compositions 

showed mean particle size (d4,3), varying from 0.46 m for the emulsion prepared using 

MFGM3 to 0.60 m for the emulsion prepared using MFGM1 (Table 5.2). All freshly prepared 

emulsions showed monomodal particle size distribution, and confocal microscopy images 

indicated the presence of both small and larger particles (Figure 5.2). No significant differences 

were observed between fresh emulsions for mean particle size; however, the interaction of 

emulsifier, oil type and treatment promoted a significant (Pr > F 0.0003) increase in particle 
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size after gastric and intestinal simulated digestion (Table 5.2). This indicates that the effect of 

the digestion treatment on the mean particle size was dependent on oil and emulsifier type.  
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Table 5.2. Mean particle size (d43) and zeta-potential of fresh emulsions systems stabilized by MFGM and corresponding gastric and intestinal digestion 

 Fresh emulsion Gastric digesta Intestinal digesta 

Emulsion  d43 (μm)* Zeta-potential (mV) pH 7.0  d43 (μm)* Zeta-potential (mV) pH 3.0  d43 (μm)* Zeta-potential (mV) pH 7.0  

S1 
-0.58 ± 0.06 a 

-52.20 ± 5.58 
0.57 ± 0.14 b 

-27.10 ± 1.72 
4.26 ± 0.29 c 

-48.60 ± 3.49 
(0.56) (1.76) (70.5) 

S2 
-0.53 ± 0.09 a 

-54.60 ± 0.68 
0.78 ± 0.02 b 

-25.30 ± 1.64 
4.70 ± 0.25 c 

-39.10 ± 3.18 
(0.59) (2.17) (110) 

S3 
-0.68 ± 0.10 a 

-23.30 ± 0.57 
0.67 ± 0.07 b 

19.20 ± 3.58 
4.60 ± 0.13 c 

-43.10 ± 3.87 
(0.51) (1.95) (99.0) 

S4 
-0.73 ± 0.14 a 

-22.00 ± 0.60 
0.82 ±0.07 b 

27.00 ± 0.41 
4.73 ± 0.16 c 

-64.00 ±7.02 
(0.48) (2.26) (113) 

S5 
-0.76 ± 0.20 a 

-28.40 ± 1.28 
0.22 ± 0.26 ba 

15.90 ± 0.35 
4.64 ± 0.19 c 

-53.00 ± 1.90 
(0.47) (1.25) (103) ± 

S6 
-0.78 ± 0.03 a 

-27.30 ± 0.82 
0.73 ± 0.40 dba 

14.80 ± 1.88 
2.39 ± 0.31 d 

-79.10 ± 0.93 
(0.46) (2.08) (10.9) 

S1, 5% w/w MFGM1, 20% w/w MCT; S2, 5% w/w MFGM1, 10% w/w MCT oil, 10% w/w fish oil; S3, 3% w/w MFGM2, 20% w/w MCT oil; S4, 3% w/w MFGM2, 10% 

w/w MCT oil, 10% w/w fish oil; S5, 3% w/w MFGM3, 20% w/w MCT oil; S6, 3% w/w MFGM3, 10% w/w MCT oil, 10% w/w fish oil. The values are shown as mean + SD 

of N>3. *Raw data were log transformed to obtain normality of variance for statistical analysis. The values showed in parentheses are the back transformation of log values 

back to its original scale to allow more meaningful and intuitive data interpretation. Different letters indicate significant difference between samples on average particle size 

(p<0.05).



 87 

 

 

 

Emulsion Gastric digesta Intestinal digesta

S1 S1 S1

S2 S2 S2

0

4

8

12

0.01 0.1 1 10 100 1000 10000

V
o

lu
m

e 
(%

)

Particle size (µm)

0

4

8

12

0.01 0.1 1 10 100 1000 10000

V
o

lu
m

e 
(%

)

Particle size (µm)

0

4

8

12

0.01 0.1 1 10 100 1000 10000

V
o

lu
m

e 
(%

)

Particle size (µm)

0

4

8

12

0.01 0.1 1 10 100 1000 10000

V
o

lu
m

e 
(%

)

Particle size (µm)

0

4

8

12

0.01 0.1 1 10 100 1000 10000

V
o

lu
m

e
 (

%
)

Particle size (µm)

0

4

8

12

0.01 0.1 1 10 100 1000 10000

V
o

lu
m

e 
(%

)

Particle size (µm)

S3 S3 S3

0

2

4

6

8

10

12

0.01 0.1 1 10 100 1000 10000

V
o

lu
m

e 
(%

)

Particle size (µm)

0

2

4

6

8

10

12

0.01 0.1 1 10 100 1000 10000

V
o

lu
m

e 
(%

)

Particle size (µm)

0

2

4

6

8

10

12

0.01 0.1 1 10 100 1000 10000

V
o

lu
m

e
 (

%
)

Particle size (µm)

S4 S4 S4

0

2

4

6

8

10

12

0.01 0.1 1 10 100 1000 10000

V
o

lu
m

e
 (

%
)

Particle size (µm)

0

2

4

6

8

10

12

0.01 0.1 1 10 100 1000 10000

V
o

lu
m

e 
(%

)

Particle size (µm)

0

2

4

6

8

10

12

0.01 0.1 1 10 100 1000 10000

V
o

lu
m

e
 (

%
)

Particle size (µm)



 88 

 
Figure 5.2. Confocal images and particle size distribution of emulsion systems stabilized by MFGM derived 

materials (S1, 5% w/w MFGM1, 20% w/w coconut oil; S2, 5% w/w MFGM1, 10% w/w MCT oil, 10% w/w fish 

oil; S3, 3% w/w MFGM2, 20% w/w MCT oil; S4, 3% w/w MFGM2, 10% w/w MCT oil, 10% w/w fish oil; S5, 

3% w/w MFGM3, 20% w/w MCT oil; S6, 3% w/w MFGM3, 10% w/w MCT oil, 10.% w/w fish oil) and 

corresponding gastric and intestinal digesta. The red colour represents the oil phase. No dye was added; instead, 

curcumin’s natural fluorescence was used to capture the images.
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The mean particle size (d4,2) of emulsions showed a significant increase after simulated 

gastric digestion. The drop in pH and the change in ionic strength after the addition of simulated 

digestive fluids promoted rearrangements of droplets that led to flocculation and coalescence, 

likely to be caused by electrostatic attraction between gastric-digested and non or partially 

digested globules, contributing to higher average particle size values (Figure 5.2). The mean 

d4,2 size for emulsions prepared using MFGM1 (S1 and S2) increased from 0.58 to 1.97m 

after gastric digestion (Table 5.2). Similar changes were observed for MFGM2 (S3 and S4) 

and MFGM3 (S5 and S6) stabilised emulsions, which increased from 0.5 to 2.11m and 0.47 

to 1.67m respectively. Emulsion S5, prepared using MCT and MFGM3, had a slightly less 

marked increase from fresh emulsions to gastric digesta compared to other systems. Despite 

the increase in particle size, no phase separation was observed after gastric digestion, indicating 

that the emulsion’s structure was able to retain curcumin encapsulated inside the oil droplets. 

Emulsions prepared using MFGM material can therefore be considered to be resistant to 

simulated gastric conditions.  

However, the addition of pancreatic enzymes and bile salts promoted disruption of the 

emulsion systems, resulting in hydrolysis of triglycerides and formation of mixed micelles 

from the released fatty acids. After intestinal digestion, emulsion systems presented a broad 

droplet distribution, with a significant increase in the mean droplet diameter for all systems to 

90.3m, 106m and 57m for MFGM1, MFGM2 and MFGM3 stabilised emulsions, 

respectively (Figure 5.2). This increase in size can be related to the formation of amorphous 

structures as a result of protein and lipid degradation by pancreatic enzymes and bile salts, as 

well as droplet agglomeration (Park et al., 2017). The hydrolysis of protein is believed to 

generate peptides with low molecular weights that can be observed as amorphous structures, 

which could have occurred for MFGM2 and MFGM3 stabilised emulsions. Emulsion S6, 

prepared using MFGM3 as emulsifier and MCT + FO, had a significantly smaller mean d4,2 

when compared to other systems after being submitted to intestinal conditions. In fact, an 

approximate ten-fold difference was observed between S6 and the matching preparations made 

with MFGM1 or MFGM2 at this stage in the digestion process, which could reflect MFGM3 

promoting better emulsifying properties (Table 5.2). However, emulsion S5, which was 

prepared using MFGM3 but a different oil combination, also had nearly ten-fold larger particle 

size compared to S6, which indicates that the an interaction with the oil phase for this specific 

emulsifier can be attributed to having significantly affected the digestion behaviour. During 
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lipid digestion, the products of lipolysis are removed from the emulsion’s interface by 

incorporation into mixed micelles spontaneously formed by the interaction with bile salts 

(Acevedo-Fani and Singh, 2022). 

The zeta-potential was measured to determine the changes in the potential at the surface 

of shear of MFGM-stabilised emulsions during digestion under simulated GIT conditions. 

Changes in pH and ionic strength created during in vitro gastrointestinal conditions can affect 

zeta-potential and determine the behaviour of oil droplets. In this study, the interaction of the 

MFGM fraction, oil type and treatment was significant (Pr>F 0.0004) on emulsion zeta-

potential, with changes being observed between MFGM fractions after gastrointestinal 

treatment for both oil types. Emulsion droplets were negatively charged at pH 7.0, which meant 

that the overall charge of the components was negative. The pH reduction under gastric 

conditions caused a shift from negatively charged to positively charged emulsions for MFGM2 

and MFGM3 stabilised emulsions; however, the emulsions prepared using MFGM1 remained 

negative even at low pH (Table 5.2).  

The isoelectric point is defined as the pH in which the charges of a solution are neutral, 

or become zero. Once the pH is above this point, the charges are negative, whilst if below they 

become positive. The isoelectric point for MFMG-derived materials ranges from 4 to 5 

(Corredig and Dalgleish, 1998). Lopez and collaborators assessed the effect of pH on the 

structure of emulsions prepared using MFGM-rich material and found that the absolute zeta-

potential (-61 ± 1 mV at neutral pH) for the emulsions decreased as the pH decreased, with 

isoelectric point stablished to be at pH 4.3 (Lopez et al., 2017). Below the isoelectric point 

values, the charge become positive, which indicates that MFGM2 and MFGM3 emulsions 

behaved in a similar way to ones in previous studies, presenting a positive charge for pH below 

4. Interestingly, pH had a less significant effect on the charge for MFGM1 stabilised emulsions. 

Proteins are more susceptible to changes in zeta-potential than phospholipids. As MFGM1 had 

no protein in its composition this finding suggests that protein has likely contributed to changes 

from negative to positively charges under gastric pH conditions for MFGM2 and MFGM3-

stabilised emulsions. This matches similar findings elsewhere, in which Liu et al. (2012) found 

that the zeta-potential of crude liposomes prepared with phospholipids from soybean or MFGM 

were −13.3±1.2 mV and −1.6±0.6 mV respectively, and did not undergo changes during 

digestion in gastric conditions for up to 240 min. The ionic properties of phospholipids are also 

important in their function as emulsifiers. MacGibbon and Fong (2021) described the typical 
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ionization constants of various phospholipids at normal pH 6.7 to range from a zwitterion with 

no net charge (phosphatidylcholine, phosphatidylethanolamine), to an acid with a net negative 

charge (phosphatidylserine, phosphatidylinositol). Additionally, the isoelectric point for some 

of the phospholipid groups present in the MFGM1 fraction is approximately 2, which is below 

the pH 3 at which emulsions were submitted to gastric digestion.  

A decrease in negative charges for emulsion systems leads to a decrease in the repulsive 

electrostatic interactions, favouring their aggregation at pH conditions below 5. This was 

observed for most of the emulsion systems in this study (Figure 5.2) and is in accordance with 

a previous study that found that pH affected the interfacial properties of the lipid droplets 

covered by MFGM material, causing phase separation but no coalescence (Corredig and 

Dalgleish, 1998). 

Kinetics of free fatty acid (FFA) release 

The lipolysis of MFGM stabilised emulsions under simulated intestinal conditions was 

quantified by determining the release of free fatty acids (FFA). Emulsions using different oil 

and MFGM fractions as emulsifiers showed most of the FFA release occurring during the first 

15 minutes of digestion (Figure 5.3). There was no significant interaction between oil type and 

emulsifier on the release of free fatty acids (Pr>F 0.2788); however, the individual factors of 

oil type and MFGM fraction had a significant effect on the extent of FFA release, indicating 

differences across both oil type (Pr>F 0.0021) and emulsifier (Pr>F 0.012). Maximum release 

of FFA showed higher release for emulsions prepared using a combination of MCT and fish 

oil when compared to those prepared only with MCT, with emulsions S4 and S6 presenting the 

highest FFA release.  
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Figure 5.3. Kinetics of Free Fatty Acid (FFA) release from emulsions prepared using MFGM (S1, 5% w/w M1, 

20.0% w/w coconut oil; S2, 5% w/w M1, 10.0% w/w coconut oil, 10.0% w/w fish oil; S3, 3% w/w M2, 20.0% 

w/w coconut oil; S4, 3% w/w M2, 10.0% w/w coconut oil, 10.0% w/w fish oil; S5, 3% w/w M3, 20.0% w/w 

coconut oil; S6, 3% w/w M3, 10.0% w/w coconut oil, 10.0% w/w fish oil).  

 

A study compared the rate of lipid digestion and FFA release in nanoemulsions 

prepared using short (SCT), medium (MCT) or long (LCT) chain triglycerides. The authors 

found that the final amount of FFA produced depended strongly on lipid type, with a release 

of 68% for LCT, 90% for SCT and LCT:SCT and 113% for MCT (Ahmed et al., 2012). 

Another study also observed higher lipid digestion rates for MCT as compared to LCT. The 

lower extent of lipid digestion might be explained by the accumulation of fatty acids to the 

droplet surface, inhibiting the action of enzymes if enough bile is not present (Deckelbaum et 

al., 1990). Conversely, medium chain fatty acids are known to be more readily dispersible in 

the aqueous phase and therefore do not tend to accumulate at droplet surfaces and inhibit lipid 

digestion (Sek et al., 2002). Based on these observations, it would be expected that emulsions 

in our study prepared by a combination of MCT and fish oil (LCT) to have lower digestibility; 

however, the opposite was observed. This may be explained by our findings being similar to 

those of Ahmed et al (2012), wherein the combination of MCT with LCT from fish oil might 

have facilitated digestion.  

In addition to oil composition, the initial particle size of emulsions is believed to play 

a role in lipolysis. A study conducted by Liu and collaborators looked into the digestion of 

emulsions covered by membrane phospholipids and assessed the effect of different particle 
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sizes on the rate of lipolysis. They found that small particle size emulsions had higher release 

of FFA than the large particle size emulsions, both were stabilised by phospholipids (Liu et al., 

2021a). The initial mean particle size for all emulsions systems in the present study was similar, 

yet marked differences were observed between samples, suggesting that oil or MFGM 

composition were responsible for the changes in the lipolysis profile.  

With regards to the MFGM fraction, it was observed that MFGM1 promoted 

significantly lower maximum FFA release than MFGM2 and MFGM3; the latter two were 

equivalent to each other (Table 5.3). This suggests that the nature of the oil droplet surface 

contributed to higher digestibility of emulsions. Emulsion S1, prepared with MFGM fraction 

containing only phospholipids and MCT, presented significantly lower release of free fatty 

acids (24.2%) compared to all other systems. Emulsions S2, which had the same emulsifier but 

different oil composition, had significantly higher release (27.5%) than S1, but was equal to 

S3 (26.7%), which was emulsified by MFGM2. Emulsion S5, emulsified by MFGM3, showed 

higher release (29.9%) than previously mentioned emulsions, but significantly lower than 

emulsions S4 and S6 (37.8% and 35.8%) prepared using MFGM2 and MFGM3, respectively.  

Emulsions prepared using MFGM fractions containing protein in their composition had 

a higher hydrolysis rate compared with fractions containing only phospholipids in their 

composition, with exception of S3. The half-time for FFA release was short and varied from 

3.92 min for S5 to 7.19 for S4 (Table 5.3). The behaviour of emulsions did not show clear 

trends and thus associations between oil or emulsifier type are difficult to identify, indicating 

that overall for the systems tested less than 50% of the total FFA were released and transformed 

into mixed micelles. According to a  2006 study, MFGM-derived phospholipid contains a high 

proportion of saturated fatty acids (Thompson and Singh, 2006). A high degree of acyl chain 

saturation has been associated with a decrease in the hydrolysis rate of phospholipids in 

liposome dispersions (Grit and Crommelin, 1993). In line with those findings, Liu et al. (2012) 

observed a lower rate of hydrolysis in liposomes prepared using MFGM-derived phospholipid 

than liposomes from soybean-derived phospholipid. These collective findings are in 

accordance with the FFA profile of emulsions prepared using MFGM phospholipids in this 

study.   
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Table 5.3. Lipolysis kinetic data of in vitro intestinal digestions of various emulsions prepared using MFGM-

derived materials. 

Emulsions K1 (% FFA min-1) φmax t (1/2) min 

S1 2.09 ± 0.43 24.2 ± 0.88d 5.49 ± 0.43c 

S2 1.44 ± 0.26 27.5 ± 0.94c 6.61 ± 1.08ab 

S3 2.61 ± 0.49 26.7 ± 0.82c 6.08 ± 1.06bc 

S4 1.33 ± 0.17 37.8 ± 0.97a 7.19 ± 0.66a 

S5 2.75 ± 0.47 29.9 ± 0.81b 3.92 ± 0.93a 

S6 1.44 ± 0.20 35.8 ± 0.94a 6.64 ± 0.55a 

K1 (first-order rate constant); φmax (Maximum release); t (1/2) (half-life of the reaction process) S1, 5% w/w 

MFGM1, 20% w/w MCT; S2, 5% w/w MFGM1, 10% w/w MCT oil, 10% w/w fish oil; S3, 3% w/w MFGM2, 

20% w/w MCT oil; S4, 3% w/w MFGM2, 10% w/w MCT oil, 10% w/w fish oil; S5, 3% w/w MFGM3, 20% w/w 

MCT oil; S6, 3% w/w MFGM3, 10% w/w MCT oil, 10% w/w fish oil. Values are shown as mean + SD of N>3. 

Samples in the same column with different superscript letters are significantly different (p<0.05).  

Short-chain fatty acids and medium-chain fatty acids are known to have a high 

dispersibility in aqueous media and will, therefore, be solubilised easily into mixed bile salt-

phospholipid micelles and further transported to the systemic circulation in vivo. In contrast, 

long-chain fatty acids tend to accumulate at the oil-water interface, inhibiting the action of 

lipases until they are precipitated by calcium ions into insoluble soaps (Singh and Gallier, 

2017). Therefore, it would be expected that systems created using MCT (S1, S3 and S5) would 

have a higher rate of FFA release compared to those containing added LCT (S2, S4 and S6). 

However, the opposite occurred, and no discernible trends were observed. We hypothesise that 

this occurred because the emulsions were prepared using a combination of oils of different 

chain lengths instead of only long-chain fatty acids.  An alternative explanation is that the effect 

was due to the differences in emulsifier composition as discussed previously. Regardless, it is 

clear that lipid type and concentration have an influence on the structure of the micelle phase 

formed at the end of the lipid digestion process. As well as forming mixed micelles, the bile 

salts, phospholipids, and lipid digestion products may assemble into various other types of 

association colloids during the lipid digestion process, including vesicles and lamellar 

structures. The concentration and structure of these associated colloids is likely to change 

throughout the digestion process and will be dependent on the molecular characteristics of the 

carrier oil, which may affect their ability to incorporate lipophilic bioactive ingredients such as 

curcumin.
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Curcumin bioaccessibility and phospholipid distribution  

The bioaccessible curcumin was calculated as the fraction of curcumin still present in 

the micellar phase after in vitro digestion, meaning that the curcumin was retained in the 

micelles rather than being released into the aqueous medium where it would no longer be 

bioavailable to gut enterocytes. The micelle fraction was obtained after centrifugation of the 

gastric and intestinal digesta followed by methanol extraction. The proportion of bioaccessible 

curcumin was calculated based on the total curcumin in the analysed sample. Emulsions S1 

(7.12%) and S2 (12.2%), prepared using MFGM1, showed significantly higher curcumin 

bioaccessibility after gastric digestion compared to all other emulsions. Emulsions S3 (1.01%) 

and S4 (0.57%), prepared using MFGM2, greatly reduced curcumin bioaccessibility in the 

gastric phase; however, these were still significantly higher than emulsions S5 (0.20%) and S6 

(0.12%), which were prepared using MFGM3 (Table 5.4).  

These findings suggest that MFGM3 was more effective in retaining curcumin inside 

the oil droplets under gastric conditions, with little release occurring into the aqueous (micellar) 

phase. MFGM2 and MFGM1 emulsions followed this pattern to a lesser extent. The higher 

release of curcumin in samples prepared using MFGM1 may be related to its high phospholipid 

concentration. An excess of MFGM1 was added to prepare emulsions, and approximately 50% 

of the phospholipids were present in the aqueous phase, as opposed to much lower 

concentrations for MFGM2 and MFGM3 stabilised emulsions (Figure 5.5). Previous studies 

have suggested that curcumin’s polar groups promote phospholipid complexation via hydrogen 

bonding and dipole interactions with the polar head groups of phosphatidylcholine (Cuomo et 

al., 2011). Therefore, it is likely that a complex of curcumin with phospholipids present both 

in cream and aqueous phases of MFGM1-prepared emulsions led to higher bioaccessibility 

after gastric phase digestion with the formation of self-assembled micelles.
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Table 5.4. Curcumin bioaccessibility after in vitro gastric and intestinal digestion of emulsions stabilized by 

MFGM.  

 

 Bioaccessibility  

Sample Gastric digesta Intestinal digesta 

S1 1.96 ± 0.19a 

(7.12 %) 

3.84 ± 0.19a 

(46.3 %) 

S2 2.50 ± 0.03a 

(12.2 %) 

3.76 ± 0.03a 

(43.0 %) 

S3 0.01 ± 0.19b 

(1.01 %) 

2.71 ± 0.19bc 

(15.0 %) 

S4 -0.57 ± 0.03b 

(0.57 %) 

3.20 ± 0.03b 

(24.5 %) 

S5 -1.62 ± 0.19c 

(0.20 %) 

3.22 ± 0.19b 

(25.0 %) 

S6 -2.14 ± 0.03c 

(0.12 %) 

2.50 ± 0.03c 

(12.2 %) 

S1, 5% w/w MFGM1, 20% w/w MCT; S2, 5% w/w MFGM1, 10% w/w MCT oil, 10% w/w fish oil; S3, 3% w/w 

MFGM2, 20% w/w MCT oil; S4, 3% w/w MFGM2, 10% w/w MCT oil, 10% w/w fish oil; S5, 3% w/w MFGM3, 

20% w/w MCT oil; S6, 3% w/w MFGM3, 10% w/w MCT oil, 10% w/w fish oil. The values are shown as mean 

+ SD of N>3. *Raw data were log transformed to obtain normality of variance for statistical analysis. The values 

showed in parentheses are the back transformation of log values back to its original scale to allow more meaningful 

and intuitive data interpretation in percentage.  Samples in the same column with different superscript letters are 

significantly different (p<0.05). 

Pancreatic enzymes and bile salts promoted interactions and rearrangements of the 

surface layer of oil droplets, leading to increase in particle size and digestion of phospholipids 

and fatty acids by lipolytic enzymes including lipase, phospholipase A2, and cholesterol 

esterase. Pancreatic lipase is known to catalyse the hydrolysis of sn1-fatty acids of 

phospholipids, releasing fatty acids and 1-acyl lyso-phospholipids (Haas et al., 1965). As the 

release of FFA increases, so will the bioaccessibility of the encapsulated bioactive through the 

solubilisation and formation of mixed micelles in the aqueous phase. However, in the present 

study, the release of FFA and bioaccessibility of curcumin did not follow the expected trend. 

The maximum release of FFA observed increased from S1<S3<S2<S5<S6<S4, while the 

bioaccessibility of curcumin increased from S6<S3<S4<S5<S2<S1 (12%, 25%, 24,5%, 15%, 

43% and 47%) (Table 5.4). A significant interaction of oil and MFGM fraction was observed 

(Pr>F <0.0001), indicating that both oil composition and MFGM fraction had an effect on the 

differences in bioaccessibility.  

While these findings were initially unexpected, they can be explained. It is expected 

that both the type and amount of lipid carrier and the nature of the emulsifier will impact the 

amount of curcumin that is released and solubilised in the micellar phase. Ahmed et al (2012) 

used oils ranging from short- to long-chain triglycerides and found varying bioaccessibilities 

from 1% to 58%. They attributed low bioaccessibility for SCT to the fact that short-chain fatty 

acids, such as those produced by digestion of SCT, do not form mixed micelles that are capable 
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of solubilising highly lipophilic components (Ahmed et al., 2012). The presence of micellar 

structures formed after lipid digestion by lipase and pancreatin are believed to accommodate 

curcumin within their core, consequently increasing curcumin’s bioaccessibility. A previous 

study conducted to determine curcumin bioaccessibility found that curcumin solubilised in 

buffer presented 16% bioaccessibility against 72% of encapsulated curcumin after intestinal 

digestion (Aditya et al., 2015).  

The relatively low bioaccesibility for emulsions with curcumin encapsulated using 

MFGM fractions can be related to the relatively low release of FFA. The highest release 

observed for FFA was 38%, suggesting that curcumin release would be as low or potentially 

lower. This was true for emulsions S3 to S6, for which observed values of bioaccessibility were 

<25%. However, S1 and S2 prepared using MFGM1 presented significantly higher 

bioaccessibility. Similar to the observations in samples after gastric digestion, the presence of 

a higher concentration of phospholipids can be associated with the formation of mixed micelles 

and complexing with curcumin molecules. However, the oil was not completely digested by 

pancreatic enzymes, as evidenced by an undigested oil layer observed after both gastric and 

intestinal simulated digestions (Figure 5.4). 

 
Figure 5.4. Representation of sample phase separation after high speed centrifugation (left) and an emulsion 

system centrifuged (15000g) after simulated in vitro gastric digestion. 

There have been a number of studies designed to understand the behaviour of protein 

stabilised emulsion systems; however, little evidence is available on the understanding of 

phospholipid distribution after in vitro digestion. Therefore, the phospholipid distribution in 

fresh emulsions and their corresponding gastric digesta in cream and aqueous phases were 

assessed. The cream phase is accepted to be the phase where the oil droplets are covered by 

the MFGM fractions, and the proportions in which they were found are shown in Figure 5.5. 
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Figure 5.5 Phospholipid distribution in the cream and aqueous phase of emulsions (a) prepared using MFGM 

(S1, 5% w/w MFGM1, 20% w/w MCT oil; S2, 5% w/w MFGM1, 10% w/w MCT oil, 10% w/w fish oil; S3, 3% 

w/w MFGM2, 20% w/w MCT oil; S4, 3% w/w MFGM2, 10% w/w MCT oil, 10% w/w fish oil; S5, 3% w/w 

MFGM3, 20% w/w MCT oil; S6, 3% w/w MFGM3, 10% w/w MCT oil, 10% w/w fish oil) and their respective 

gastric digesta (b). 

 S1 and S2 were created using higher concentrations of MFGM1 compared to MFGM2 

and MFGM3 for S3, S4, S5 and S6 (5% vs 3%). Although 54% of the total phospholipids were 

dispersed in the aqueous phase, a concentration of 5% was needed to enable the creation of 

more stable emulsions using this material. It is likely that less phospholipids were found in the 

cream phase due to excess MFGM1 added and the fact that this fraction had a much higher 

phospholipid concentrations than the other fractions. MFGM2 and MFGM3 emulsions had 

most of the phospholipids present in the cream phase, with only 24% and 13% present in the 

aqueous phase, respectively (Figure 5.5).  

MFGM3 had the highest concentration of phospholipids in the cream phase in fresh 

emulsions (87%) and gastric digesta (99.8%). This suggests that when present in lower 
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concentrations, phospholipids adhered preferably to the cream phase. In addition, MFGM3 

seemed to have better emulsifying ability, as the low curcumin bioaccessibility of emulsions 

prepared using MFGM3 after gastric indicate that those emulsions were more efficient in 

keeping curcumin encapsulated, with little being released to the micellar phase (Table 5.4). 

MFGM2 presented 76% of total phospholipids in the cream phase for fresh emulsions, and 

shifted to 95% in the aqueous phase, while MFGM1 shifted from only 46% to 97% in cream, 

reinforcing the effect of ionic strength in phosphate group of phospholipids. For all the 

fractions, the addition of simulated salivary and gastric fluids and changes in pH and ionic 

strength promoted the rearrangement of phospholipids from the aqueous phase to the cream 

layer. The change in low to high ionic strength is believed to be the main reason for the change 

in positioning of total phospholipids in the emulsions systems. Calcium ions in simulated fluids 

bind to phosphate groups and promote the creation of calcium salts. After intestinal digestion, 

no cream phase was observed, and only an oil layer was observed after centrifugation (Figure 

5.4).  

The MFGM’s lateral phospholipid distribution with the coexistence of a liquid-ordered 

phase rich in sphingomyelin and cholesterol, and a liquid-disordered phase rich in unsaturated 

phospholipids, is believed to play a role in the digestion of fat globules in milk. The MFGM 

exerts an inhibitory effect on hydrolytic action of pancreatic lipase, indicating that incubation 

with gastric lipase prior would facilitate this process (Gallier et al., 2012, Bauer et al., 2005). 

In this study, only pancreatic lipase was added and minor changes were observed in the 

phospholipid composition after simulated gastric digestion, compared to intestinal simulation, 

where the formation of lyso-phospholipids were observed. Lyso-phospholipids are the product 

of phospholipid hydrolysis and consist of soluble amphiphiles that will be incorporated onto 

mixed micelles. Phospholipids are known to enhance the ability of bile salts to form mixed 

micelles, which are required to promote the passage of non-polar lipids across the unstirred 

water layer adjacent to the mucosal cells, thereby facilitating absorption (Bauer et al., 2005). 

Micelle formation occurs when amphiphilic molecules, such as surfactants or lipids, arrange 

themselves in a specific manner to minimize their exposure to the surrounding solvent. 

Micelles are formed by the aggregation of these molecules, with their hydrophobic tails facing 

inward and their hydrophilic heads facing outward towards the solvent. Sphingomyelin 

possesses both hydrophilic and hydrophobic regions. It has a hydrophilic phosphorylcholine 

headgroup and a hydrophobic ceramide tail. However, due to the relatively larger size and 
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complex structure of sphingomyelin compared to typical surfactants or phospholipids, its self-

assembly into micelles is less common. 

Despite significant differences in the absolute concentrations of phospholipid groups 

between each individual emulsion and its subsequent gastric digesta due to dilution (Figure 

5.6), the relative distributions of the PL were similar for each pairing as shown in Figure 5.7, 

with minor variations between those two phases being attributed to potential heterogeneous 

sample collection. All emulsions showed similar behaviour after intestinal digestion, with an 

observed proportional reduction in PE, PC and PS while SM and PI concentrations were 

retained at levels similar to fresh emulsions and gastric digesta. At the same time, an increase 

in LPE and LPC proportions can be observed in the intestinal digesta fraction (Figure 5.6). The 

poor digestibility in in vitro conditions could be due to lack of specific enzymes to cleave SM; 

however, an in vivo study found intact SM in faeces of rats. The authors observed that after 

administration of 6.6 or 32 μmol SM, significant amounts of intact SM and ceramide were 

found in intestinal contents, colon, and excreted faeces. In the intestine, SM undergoes 

cleavage to ceramide and sphingosine through action of sphingomyelinase (Nyberg et al., 

1997). The findings above suggest that it is more difficult for enzymes to digest SM than PC 

in vivo. Additionally, the complexation of sphingomyelin and phosphatidylcholine with 

curcumin in the emulsions in the aqueous and cream phase could be an indication of increase 

bioaccessibility, potentially leading to higher absorption and bioavailability.  

The decrease in concentrations of PE and PC and increase of the LPE and LPC 

(enzymatic breakdown materials) from fresh emulsions and gastric digesta to intestinal digesta 

reflect the interaction of bile salts with the components of emulsions in SIF and subsequent 

hydrolysis of phospholipids promoted by pancreatic enzymes, including phospholipase A2. 

Pancreatin from porcine pancreas contains lipolytic enzymes, including lipase, phospholipase 

A2, and cholesterol esterase. Pancreatic lipase has been found to catalyse the hydrolysis of sn1-

fatty acids of phospholipids, releasing fatty acids and 1-acyl lyso-phospholipids (Haas et al., 

1965). In addition, phospholipase A2 in the pancreatic extracts catalyses the sn-2 ester bond 

hydrolysis of phospholipids to glycerophosphoric acids and 2-acyl lyso-phospholipids. 

Moreover, cholesterol esterase promotes the hydrolysis of phospholipids (Howles et al., 1996). 

It was therefore assumed that phospholipids were either digested and solubilised in the micellar 

phase or have been not being digested and moved to the pellet after centrifugation rather than 
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to the cream phase. The oil layer present after intestinal digestion also suggests that the oil has 

been only partially digested by pancreatin and therefore the release of FFA was low.
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Figure 5.6. Phospholipid concentration and absolute class distribution in emulsion systems prepared using MFGM fractions and their respective gastric and intestinal digesta. 

S1, 5% w/w MFGM1, 20% w/w coconut oil; S2, 5% w/w MFGM1, 10% w/w coconut oil, 10% w/w fish oil; S3, 3% w/w MFGM2, 20% w/w coconut oil; S4, 3% w/w MFGM2, 

10% w/w coconut oil, 10% w/w fish oil; S5, 3% w/w MFGM3, 20% w/w coconut oil; S6, 3% w/w MFGM3, 10% w/w coconut oil, 10% w/w fish oil). 

PE=Phosphatidylethanolamine, PC=Phosphatidylcholine, SM=Sphingomyelin, PS=Phosphatidylserine, PI=phosphatidylinositol, LPE=Lyso-phosphatidylethanolamine, 

LPC=Lyso-phosphatidylcholine.
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Figure 5.7. Relative phospholipid class distribution in emulsion systems prepared using MFGM fractions and 

their respective gastric and intestinal digesta. S1, 5% w/w MFGM1, 20% w/w coconut oil; S2, 5% w/w MFGM1, 

10% w/w coconut oil, 10% w/w fish oil; S3, 3% w/w MFGM2, 20% w/w coconut oil; S4, 3% w/w MFGM2, 10% 

w/w coconut oil, 10% w/w fish oil; S5, 3% w/w MFGM3, 20% w/w coconut oil; S6, 3% w/w MFGM3, 10% w/w 

coconut oil, 10% w/w fish oil). PE=Phosphatidylethanolamine, PC=Phosphatidylcholine, SM=Sphingomyelin, 

PS=Phosphatidylserine, PI=phosphatidylinositol, LPE=Lyso-phosphatidylethanolamine, LPC=Lyso-

phosphatidylcholine. 

Details on the distribution of individual phospholipid groups can be found in Table 5.5. 

To the best of our knowledge the identification of phospholipids in cream and aqueous phases 

of emulsions and their correspondent digested materials has not been reported elsewhere, and 

therefore these findings provided new insights on the behaviour of phospholipids as 

emulsifiers. To obtain an accurate reading of phospholipids, an homogeneous sample is ideal. 

When working with phospholipid extraction from emulsions, especially the cream phase, such 

homogeneity can be a challenge.  

Ideally, the sum of cream and aqueous fraction should equal the phospholipid in the 

emulsion, which was not observed for all groups and samples in our study. For instance, while 

PE concentration in S5 fresh emulsion (0.31 g/g) is the exact sum of its cream (0.26 g/g) 

and aqueous (0.05 g/g) phases, PE after gastric digestion observed in only cream phase 

(0.47g/g) is significantly higher than PE found in the whole gastric digesta for S5 (0.06 g/g) 

even after accounting for dilution factors. This difference can be observed for other individual 

phospholipid classes reflecting in the total phospholipid composition. To the best of our 

knowledge, the discrepancies between phases can be explained by the difficulty in obtaining 

homogeneous samples and efficiently extracting phospholipid groups from oily sources. In 
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addition, the presence of simulated fluids and salts might have interfered with the extraction 

protocol. We therefore, suggest that additional tests should be performed to standardize this 

method for emulsions’ cream and aqueous extraction and confidently express individual and 

total phospholipids between phases of both fresh and digested emulsions.  

Nevertheless, a three-way ANOVA was conducted to determine the effect of oil, 

emulsifier and digestion on the phospholipid concentrations in emulsions and their 

correspondent aqueous and cream phase. Statistical findings on the effects of individual factors 

and their interactions have been summarize in Table 5.6. Overall, for the majority of 

phospholipids groups the digestion step, the emulsifier, and their interaction promoted 

significant differences among samples, with MFGM1 emulsions having higher phospholipids, 

followed by MFGM2 and MFGM3. While type of oil seemed to present less effect on the 

differences observed between phospholipid class distribution, both type of MFGM fraction and 

digestion treatment had marked effects on those changes (Table 5.6). The differences in 

MFGM fraction’s initial concentrations might have influenced the effect of digestion, with 

MFGM1 requiring a higher amount of pancreatic enzymes to promote its breakdown when 

compared to MFGM2 and MFGM3, which had less initial phospholipids. The headgroups in 

different phospholipid classes might also have influenced the extend of enzymatic action as 

enzymes will present different affinity for different phospholipid groups.  

Taken together the results for individual phospholipid groups support the findings 

described above (Figure 5.5) for total phospholipid distributions in the cream and aqueous 

phase of emulsions, with MFGM3 presenting the highest concentration of phospholipids in the 

cream phase for both fresh emulsions and gastric digesta, followed by MFGM2 and MFGM1. 

However, MFGM1 was the fraction that had the highest concentration for all classes after 

simulated intestinal digestion, as it was expected due to its higher initial phospholipid 

composition.
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Table 5.5. Phospholipid distribution in emulsions prepared using MFGM and their correspondent cream and aqueous phase and gastric and intestinal digesta. 

  Corrected µg/mg (mg/g)   

  PE PC SM PS PI  LPE LPC TPL 

S1 Emulsion 3.84 ± 0.08 4.52 ± 0.07 4.73 ± 0.07 0.91 ± 0.06 0.63 ± 0.09 0.17 ± 0.00 0.09 ± 0.00 14.9 ± 0.19 

S1 Cream 1.33 ± 0.03 1.69 ± 0.02 1.86 ± 0.03 0.43 ± 0.03 0.34 ± 0.05 0.07 ± 0.00 0.03 ± 0.00 5.65 ± 0.07 

S1 Aqueous 1.81 ± 0.04 1.94 ± 0.03 2.04 ± 0.03 0.33 ± 0.02 0.18 ± 0.03 0.05 ± 0.00 0.03 ± 0.00 6.46 ± 0.08 

S1 Gastric digesta 1.13 ± 0.03 1.30 ± 0.05 1.19 ± 0.02 0.19 ± 0.01 0.15 ± 0.02 0.05 ± 0.00 0.03 ± 0.00 4.04 ± 0.04 

S1 GD Cream 1.26 ± 0.03 1.55 ± 0.06 1.19 ± 0.02 0.20 ± 0.01 0.17 ± 0.03 0.06 ± 0.00 0.03 ± 0.00 4.45 ± 0.05 

S1 GD Aqueous 0.04 ± 0.00 0.05 ± 0.00 0.05 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 ND ND 0.16 ±  0.00 

S1 Intestinal digesta 0.06 ± 0.01 0.41 ± 0.09 0.69 ± 0.15 ND 0.09 ± 0.03 0.18 ± 0.04 0.22 ± 0.05 1.66 ± 0.34 

S1 Micelle 0.06 ± 0.02 0.48 ± 0.16 0.82 ± 0.25 ND 0.07 ± 0.02 0.22 ± 0.07 0.22 ± 0.06 1.86 ± 0.58 

S2 Emulsion 3.50 ± 0.15 5.19 ± 0.47 4.99 ± 0.07 0.98 ± 0.08 0.57 ± 0.09 0.23 ± 0.02 0.14 ± 0.02 15.6 ± 0.72 

S2 Cream 2.40 ± 0.06 2.58 ± 0.16 2.32 ± 0.28 0.27 ± 0.04 0.15 ± 0.02 0.09 ± 0.01 0.06 ± 0.00 7.90 ± 0.45 

S2 Aqueous 2.40 ± 0.05 2.98 ± 0.18 3.13 ± 0.06 0.39 ± 0.02 0.25 ± 0.02 0.05 ± 0.00 0.09 ± 0.01 9.31 ± 0.29 

S2 Gastric digesta 1.11 ± 0.03 1.34 ± 0.03 1.30 ± 0.04 0.14 ± 0.01 0.13 ± 0.01 0.07 ± 0.02 0.06 ± 0.00 4.15 ± 0.12 

S2 GD Cream 1.24 ± 0.21 1.60 ± 0.09 1.30 ± 0.06 0.15 ± 0.02 0.15 ± 0.02 0.08 ± 0.02 0.06 ± 0.00 4.57 ± 0.29 

S2GD Aqueous 0.04 ± 0.01 0.05 ± 0.01 0.05 ± 0.01 0.01 ± 0.00 0.01 ± 0.00 ND ND 0.16 ± 0.04 

S2 Intestinal digesta 0.01 ± 0.00 0.19 ± 0.01 0.74 ± 0.03 ND 0.03 ± 0.00 0.06 ± 0.00 0.22 ± 0.01 1.26 ± 0.04 

S2 Micelle 0.02 ± 0.00 0.30 ± 0.04 1.12 ± 0.21 ND 0.06 ± 0.01 0.11 ± 0.02 0.36 ± 0.06 1.96 ± 0.33 

S3 Emulsion 0.68 ± 0.16 0.73 ± 0.15 1.73 ± 0.94 0.17 ± 0.06 0.30 ± 0.13 0.04 ± 0.02 0.02 ± 0.02 3.67 ± 1.22 

S3 Cream 0.40 ± 0.04 0.50 ± 0.04 1.65 ± 0.46 0.08 ± 0.02 0.32 ± 0.06 0.04 ± 0.01 0.03 ± 0.01 3.35 ± 0.31 

S3 Aqueous 0.08 ± 0.01 0.12 ± 0.01 0.68 ± 0.19 0.02 ± 0.00 0.11 ± 0.02 0.01 ± 0.00 - 1.19 ± 0.11 

S3 Gastric digesta 0.27 ± 0.01 0.32 ± 0.01 1.22 ± 0.03 0.04 ± 0.00 0.23 ± 0.01 0.02 ± 0.00 0.01 ± 0.00 2.10 ± 0.05 

S3 GD Cream 0.62 ± 0.02 0.74 ±0.05 3.4 ± 0.24 0.11 ± 0.02 0.74 ± 0.08 0.08 ± 0.01 0.03 ± 0.01 5.71 ± 0.36 

S3 GD Aqueous 0.04 ± 0.00 0.05 ± 0.00 0.21 ± 0.03 0.01 ± 0.00 0.08 ± 0.01 0.01 ± 0.00 - 0.40 ± 0.04 

S3 Intestinal digesta 0.01 ± 0.00 0.02 ± 0.00 0.22 ± 0.04 - 0.03 ± 0.01 0.01 ± 0.00 0.01 ± 0.00 0.30 ± 0.06 

S3 Micelle - 0.02 ± 0.01 0.49 ± 0.14 - 0.09 ± 0.03 0.03 ± 0.01 0.04 ± 0.01 0.68 ± 0.19 
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Table 5.5 (continued) 

S4 Emulsion 0.95 ± 0.06 0.86 ± 0.08 1.86 ± 0.72 0.20 ± 0.04 0.38 ± 0.12 0.04 ± 0.01 0.02 ± 0.01 4.31 ± 0.76 

S4 Cream 0.50 ± 0.01 0.53 ± 0.03 1.35 ± 0.39 0.16 ± 0.02 0.37 ± 0.08 0.03 ± 0.00 0.02 ± 0.01 3.18 ± 0.35 

S4 Aqueous 0.13 ± 0.03 0.14 ± 0.01 0.43 ± 0.12 0.02 ± 0.00 0.08 ± 0.02 0.02 ± 0.00 0.01 ± 0.00 0.91 ± 0.11 

S4 Gastric digesta 0.18 ± 0.12 0.18 ± 0.08 0.86 ± 0.33 0.03 ± 0.02 0.18 ± 0.08 0.03 ± 0.01 0.02 ± 0.01 1.47 ± 0.63 

S4 GD Cream 0.60 ± 0.06 0.71 ± 0.05 3.15 ± 0.29 0.17 ± 0.06 0.87 ± 0.10 0.09 ± 0.03 0.06 ± 0.02 5.66 ± 0.42 

S4 GD Aqueous 0.03 ± 0.01 0.03 ± 0.00 0.14 ± 0.00 0.01 ± 0.00 0.03 ± 0.00 - - 0.24 ± 0.01 

S4 Intestinal digesta - 0.02 ± 0.00 0.32 ± 0.02 - 0.04 ± 0.00 0.02 ± 0.00 0.03 ± 0.00 0.44 ± 0.03 

S4 Micelle - 0.01 ± 0.00 0.34 ± 0.04 - 0.05 ± 0.00 0.02 ± 0.00 0.03 ± 0.00 0.46 ± 0.05 

S5 Emulsion 0.31 ± 0.05 0.23 ± 0.04 0.83 ± 0.30 0.07 ± 0.01 0.15 ± 0.04 - - 1.60 ± 0.29 

S5 Cream 0.26 ± 0.01 0.19 ± 0.01 1.21 ± 0.28 0.05 ± 0.01 0.19 ± 0.03 0.02 ± 0.00 0.01 ± 0.01 1.94 ± 0.21 

S5 Aqueous 0.05 ± 0.01 0.03 ± 0.01 0.18 ± 0.09 0.01 ± 0.00 0.02 ± 0.01 - - 0.31 ± 0.12 

S5 Gastric digesta 0.06 ± 0.00 0.04 ± 0.00 0.22 ± 0.01 0.02 ± 0.00 0.06 ± 0.00 - - 0.40 ± 0.02 

S5 GD Cream 0.47 ± 0.01 0.43 ± 0.02 1.94 ± 0.09 0.15 ± 0.01 0.40 ± 0.03 0.02 ± 0.00 0.01 ± 0.00 3.41 ± 0.16 

S5 GD Aqueous - - - - - - - - 

S5 Intestinal digesta - 0.01 ± 0.00 0.19 ± 0.01 - 0.02 ± 0.00 0.01 ± 0.00 0.02 ± 0.00 0.26 ± 0.02 

S5 Micelle - - 0.02 ± 0.00 - - - - 0.03 ± 0.00 

S6 Emulsion 0.31 ± 0.03 0.22 ± 0.02 0.60 ± 0.23 0.07 ± 0.02 0.16 ± 0.06 0.01 ± 0.00 - 1.37 ± 0.24 

S6 Cream 0.26 ± 0.01 0.21 ± 0.01 0.75 ± 0.21 0.06 ± 0.01 0.21 ± 0.05 0.01 ± 0.00 0.01 ± 0.00 1.64 ± 0.16 

S6 Aqueous 0.04 ± 0.00 0.04 ± 0.00 0.11 ± 0.03 0.01 ± 0.00 0.03 ± 0.01 - - 0.24 ± 0.03 

S6 Gastric digesta 0.03 ± 0.00 0.02 ± 0.00 0.14 ± 0.01 0.01 ± 0.00 0.03 ± 0.00 - - 0.23 ± 0.02 

S6 GD Cream 0.52 ± 0.08 0.48 ± 0.09 2.40 ± 0.44 0.19 ± 0.05 0.57 ± 0.07 0.03 ± 0.01 0.02 ± 0.00 4.21 ± 0.74 

S6 GD Aqueous - - 0.01 ± 0.00 - - - - 0.01 ± 0.00 

S6 Intestinal digesta - - 0.12 ± 0.01 - 0.01 ± 0.00 0.01 ± 0.00 0.02 ± 0.00 0.16 ± 0.02 

S6 Micelle - - 0.03 ± 0.00 - - - - 0.04 ± 0.00 

S1, 5% w/w MFGM1, 20% w/w coconut oil; S2, 5% w/w MFGM1, 10% w/w coconut oil, 10% w/w fish oil; S3, 3% w/w MFGM2, 20% w/w coconut oil; S4, 3% w/w MFGM2, 

10% w/w coconut oil, 10% w/w fish oil; S5, 3% w/w MFGM3, 20% w/w coconut oil; S6, 3% w/w MFGM3, 10% w/w coconut oil, 10% w/w fish oil. 

PE=Phosphatidylethanolamine, PC=Phosphatidylcholine, SM=Sphingomyelin, PS=Phosphatidylserine, PI=phosphatidylinositol, LPE=Lyso-Phosphatidylethanolamine, 

LPC=Lyso-Phosphatidylcholine 
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Table 5.6. Statistical findings based on 3-wayANOVA on the effects of MFGM fraction, oil type and digestion on the 

distribution of individual phospholipid groups across emulsions and their corresponded cream phase 

  Pr > F 

  Fresh emulsions 

  PE PC SM PS PI LPE LPC 

Digestion <.0001 <.0001 <.0001 <.0001 0.0001 0.0003 <.0001 

MFGM <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 

Digestion*MFGM <.0001 0.0002 <.0001 <.0001 0.0105 0.0044 <.0001 

Oil 0.3829 0.4491 0.9479 0.829 0.5763 0.7958 0.0042 

Digestion*Oil 0.8079 0.2219 0.6255 0.0791 0.8152 0.0162 0.2098 

MFGM*Oil 0.1322 0.6106 0.1986 0.9331 0.7061 0.2876 0.9657 

Digestion*MFGM*Oil 0.2748 0.1928 0.7095 0.143 0.591 0.0933 0.0638 

  Cream phase 

  PE PC SM PS PI LPE LPC 

Digestion 0.1193 0.3718 0.0002 0.4137 <.0001 0.0391 0.0614 

MFGM <.0001 <.0001 0.0025 <.0001 <.0001 0.0001 <.0001 

Digestion*MFGM 0.0006 <.0001 <.0001 <.0001 <.0001 0.079 0.0727 

Oil 0.0034 0.0007 0.9839 0.8481 0.4549 0.2227 0.0034 

Digestion*Oil 0.0037 0.0021 0.5336 0.2101 0.0546 0.2701 0.0508 

MFGM*Oil 0.0111 0.0016 0.2975 0.0024 0.0025 0.4538 0.0005 

Digestion*MFGM*Oil 0.0061 0.0027 0.1581 0.409 0.9027 0.9707 0.1954 

S1, 5% w/w MFGM1, 20% w/w coconut oil; S2, 5% w/w MFGM1, 10% w/w coconut oil, 10% w/w fish oil; S3, 

3% w/w MFGM2, 20% w/w coconut oil; S4, 3% w/w MFGM2, 10% w/w coconut oil, 10% w/w fish oil; S5, 3% 

w/w MFGM3, 20% w/w coconut oil; S6, 3% w/w MFGM3, 10% w/w coconut oil, 10% w/w fish oil. 

PE=Phosphatidylethanolamine, PC=Phosphatidylcholine, SM=Sphingomyelin, PS=Phosphatidylserine, 

PI=phosphatidylinositol, LPE=Lyso-phosphatidylethanolamine, LPC=Lyso-phosphatidylcholine  

5.5 Conclusions 

Emulsion systems stabilised by MFGM-derived materials were resistant to pepsin 

digestion in the simulated stomach phase, yet pancreatin and bile salts promoted destabilisation 

of the system with release of curcumin and formation of mixed micelles to some extent under 

intestinal conditions. Changes in ionic strength and pH promoted flocculation of oil droplets in 

the gastric phase and migration of phospholipids to the cream layer. The encapsulation of 

curcumin inside MCT and fish oil droplets increased curcumin bioacessibility 

(S1>S2>S5>S4>S3>S6) when compared to free curcumin. Enhancing absorption and delivery 

of lipophilic curcumin is the main goal of this study; therefore, the use of MFGM fractions was 

intended to protect emulsions throughout gastrointestinal digestion. Protection against 
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enzymatic breakdown and lipid digestion can increase curcumin bioavailability. One valuable 

observation was the retention of intact, measurable SM throughout the digestive process.  This 

finding suggests that maximising inclusion of SM in emulsion designs could optimise 

protection and bioaccessibility of curcumin by ensuring its complexation both in aqueous and 

cream phases. In this study, the low bioaccessibility was related to incomplete digestion of 

fatty acids, suggesting that the systems were relative resistant to in vitro digestion. MFGM1 

emulsified systems had the highest bioaccessibility, despite having lowest release of FFA, 

which can be related to the complexation of curcumin and phospholipid groups, especially PC 

and the poor digestibility of phospholipid groups, such as SM. This system showed promising 

outcomes for their use in the development of more complex functional foods, such as a 

functional beverage or yogurt. Further research is warranted to design in vitro experiments with 

more specific enzymes, shear patterns, oral surfaces and time in mouth cavity, in order to 

understand the behaviour of different types of emulsions with more precision. Understanding 

the in vivo behaviour of the emulsions systems prepared in this study is key for the development 

of more complex food structures incorporating these systems. Emulsions prepared using 

MFGM1 were selected for further investigation and fed to rats for assessment or oral delivery 

of curcumin to the blood and brain.
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Chapter 6 - In vivo delivery of curcumin and its metabolites to the brain and 

plasma of male and female Sprague-Dawley rats  

Abstract  

In this study a milk fat globule membrane (MFGM)-derived material rich in 

phospholipids was selected as an emulsifier to create an emulsion delivery system for 

encapsulation of curcumin. In addition to curcumin as a nutraceutical and MFGM as a novel 

health-promoting functional material, medium chain triglycerides (MCT) and omega-3(ω-3) 

polyunsaturated fatty acids (PUFA) were selected based on previously reported benefits against 

Alzheimer’s disease (AD) biomarkers. A rat model was chosen to assess the delivery of 

curcumin, curcumin glucuronide (CG) and curcumin sulfate (CS) into blood and brain from 4 

different formulations: free curcumin (free Curc), a commercial formulation (Meriva), 

emulsion 1 and emulsion 2.  

The kinetics for the appearance of curcumin and its metabolites in the plasma differed 

depending on the format in which it was administered. For free Curc, the accumulation of 

curcumin and its metabolites occurred slowly, with minimal amounts present at 15 to 30 

minutes, then rising thereafter. Curcumin and its metabolites from Meriva were present in 

significantly higher concentrations at 15 to 30 minutes, suggesting improved bioavailability 

and absorption. However, the levels changed little between 15 minutes and 60 minutes; as with 

free Curc, only during the second hour did Meriva curcumin and its metabolites accumulate 

in the plasma in significantly higher concentrations. In contrast, curcumin and its metabolites 

from the emulsions peaked in plasma immediately and were present at significantly higher 

concentrations than free Curc or Meriva treatments at 15 and 30 minutes. Moreover, these 

levels remained high, except for EM2 at 120 minutes, with no significant differences between 

the time points for either emulsion. Overall, the emulsions and Meriva improved 

bioavailability and absorption of the delivered curcumin compared to free Curc, with the 

emulsions resulting in significantly more curcumin and its metabolites in the plasma than 

Meriva over the first hour post-ingestion. Accumulation of curcumin in the brain occurred 

rapidly, peaking at 30 to 60 minutes for all treatment groups except for Meriva, which showed 

a higher peak occurring at 120 minutes, suggesting that curcumin delivery by Meriva may be 

superior in improving curcumin accumulation in the brain.  
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6.1 Introduction 

Naturally occurring curcumin presents very low bioavailability and poor delivery to the 

desired site of action in the body. The protection of curcumin molecules through encapsulation 

has been studied and tested over the last several years to improve its health-promoting 

properties (Aditya et al., 2015, Cheng et al., 2017, Huo et al., 2019, Ibrahim et al., 2018, Li et 

al., 2015b, Lin et al., 2009, Peng et al., 2018, Sorasitthiyanukarn et al., 2018, Tang et al., 2019). 

Curcumin formulations currently being tested in clinical trials for Alzheimer’s disease (AD) 

are primarily administered as supplements (capsules) rather than in a food format. This can be 

problematic since many AD patients are elderly and suffer from dysphagia, making swallowing 

tablets difficult (Takizawa et al., 2016, Seçil et al., 2016). Among those formulations, Meriva 

has shown positive outcomes in animal trials and is also being tested in clinical trials for AD. 

Meriva consists of a standardised mixture of natural curcuminoids and lecithin in a 1:2 ratio, 

with two parts of microcrystalline cellulose added to improve the physical state (Cuomo et al., 

2011).  

Polar lipids (glycerophospholipids and sphingolipids) are essential cell membrane 

constituents and play a key role in apoptosis and cell signalling. In addition, sphingolipids have 

been defined as a network of bioactive lipids (Coant et al., 2017). The biosynthesis, chemical 

structure and function of sphingolipids and glycerophospholipids, such as 

phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylcholine (PC) and 

phosphatidylinositol (PI) have been described by Castro-Gomez et al., (2015). Among those 

functions, the role of PC and PS in brain development and improvements in cognition are 

highlighted, suggesting their use as a nutraceutical to improve memory (Castro-Gómez et al., 

2015). Sphingomyelin plays a crucial role in the central nervous system, as its degradation by 

sphingomyelinases results in the formation of bioactive signalling ceramide molecules that can 

cross the blood-brain barrier (Echten-Deckert and Alam, 2018).  Thus, there is interest in 

including bioactive lipids in functional foods designed for people with neurological disorders 

such as AD.  Souvenaid is an example, sold as a beverage containing a combination of 

nutraceuticals including ω-3 polyunsaturated fatty acids (DHA and EPA), uridine, choline, 

phospholipids and other cofactors. This is believed to be the first medical nutrition product, 

and it has been designed to support synapse formation and function in early AD. Souvenaid 

has demonstrated cognitive benefits in patients with mild AD. It was well tolerated and 

improved episodic memory performance in two randomised, double-blind, controlled trials (12 

and 24 weeks) in patients with mild AD (Scheltens et al., 2012). However, this product does 
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not contain curcumin.  Thus, there is an obvious gap in the market: a formulated food that 

contains both curcumin and bioactive lipids. 

Studies on curcumin delivery have used a wide variety of curcumin concentrations, 

curcumin formats and modes of administration (Table 6.1). The use of high curcumin doses is 

often recommended but the results show that even at very high doses, concentrations are still 

low in plasma (Vareed et al., 2008), due to both low bioavailability and rapid metabolism. In 

addition, some studies have tested low doses of curcumin without presenting delivery data but 

have reported improvements in tested biomarkers for a condition (Antiga et al., 2015). Even 

though considerable data prove the benefits of curcumin for cognition in in vitro and animal 

models, these benefits are rarely reflected in conclusive human studies. The most commonly-

used justification for the remaining gap in human confirmation of curcumin benefits is the need 

for more extended prospective studies. The organoleptic traits are also quite relevant in a 

human trial, and dropouts are usually due to feeling unwell or unpleasantness of ingestion of 

high doses.  

Finally, it is worth noting that most of the published animal trials (Table 6.1) have been 

conducted in male rats or mice, despite AD occurring in human females at greater than twice 

the prevalence of males. Sex-related differences in pharmacokinetics have frequently been 

considered potentially important determinants for the clinical effectiveness of drug therapy. 

Those differences have also been observed for curcuminoids, with a study showing variations 

in oral bioavailability between sexes. The authors observed a two-fold greater area under the 

plasma concentration-time curve for women compared to men. This variation can be attributed 

to differences in the hepatic drug efflux transporter P-glycoprotein, which is more active in 

men (Gleiter and Gundert-Remy, 1996, Briskey et al., 2019). 

Prevention and delayed onset are still the best approaches against dementia and AD 

since there is no cure yet. Therefore, more functional science-based food products would be 

beneficial for the prevention of AD and dementia. In this study, I created a food-based delivery 

system containing curcumin incorporated in a stable lipid emulsion to improve bioavailability, 

plus additional components that may have protective effects against AD such as functional oils 

and milk fat globule membrane (MFGM) phospholipids. The dosage of curcumin incorporated 

was determined by the maximum amount supported by the emulsion systems. In addition to 

the encapsulation limit, an extrapolated dose based on body weight that would be realistic for 

humans to consume daily over the long term was proposed. Based on results from previous 

chapters, I observed that all three MFGM fractions tested were effective in creating stable 
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emulsion systems, with MFGM1 presenting the highest bioaccessibility for both oil 

combinations. I therefore hypothesised that a MFGM1-based emulsion would result in the 

highest curcumin bioavailability and subsequent circulating plasma levels. 

Although the oil type seemed to have less impact on the structure of emulsion systems 

digested in vitro, the well-established effect of ω-3 PUFA on brain health and cell plasticity 

justified the selection of the two oil combinations for curcumin delivery study in vivo. A 

comprehensive assessment of previously published human and animal trials was undertaken to 

assess the range of curcumin doses used and the resultant circulating plasma levels, as shown 

in Table 6.1. Therefore, in this chapter, the oral delivery of curcumin at a low dose (20 mg/kg 

body weight) and subsequent digestion and transfer of curcumin to the plasma and brain of 

Sprague-Dawley rats was tested to provide a proof of concept to support the use of lower and 

more sustainable dose administration of encapsulated curcumin delivered orally. Matching 

studies were conducted on female and male rats to determine whether sex-dependent 

differences occurred. A commercially available formulation, Meriva®, was used as a positive 

control, and the free curcumin powder used to prepare the emulsion systems used as a negative 

control to compare with emulsion systems using the MFGM fraction rich in phospholipid. 
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Table 6.1. Pre-clinical and clinical studies using various formats, doses and administration routes for curcumin 

Author/year Type Target Dose/Duration Format 
Way of 

administration 

Garcea et al., 2004 
Human (4 female and 8 

male)  

Normal and 

malignant human liver 

tissue 

450, 1800 or 3600 mg, for 1 week 
Purified turmeric extract 

formulated in capsules 
Oral 

Marczylo et al., 2007 Male Wistar albino rats 
  Concentration in plasma, 

intestinal mucosa and liver 
340mg/kg once 

Unformulated curcumin and 

Meriva 
Oral gavage 

Vareed et al., 2008 
Human  (5 males and 7 

females) 
Concentration in plasma  

10 g or 12 g after a high-fat 

breakfast (42% fat) once   
Curcumin capsules Oral 

Antiga et al., 2015  
Human (32 males and 31 

females) 
Patients with psoriasis 

2g (400mg curcumin) 2x a day for 

12 weeks 
Meriva Oral 

Mahale et al., 2018 C57 BL/6 J male mice 
Concentration in plasma 

and lung tissue from mice 
70mg/kg once Meriva and unformulated  Oral gavage  

Shoba et al., 1998 

Wistar rats of both sexes 

(n for gender not 

specified) 

Bioavailability in rats and 

in healthy volunteers 
2g/kg + 200mg piperine once 

Curcumin alone and in 

combination with piperine 
Oral 

Yang et al., 2007 Male Sprague-Dawley rats Bioavailability in rats 500 mg/kg and 10 mg/kg once 
Curcuminoid mixture and herbal 

preparation 

Orally and 

intravenously 

injection 

Sankar et al., 2016  Male Wistar rats 

Sodium arsenite-induced 

renal and neuronal 

oxidative damage 

100mg/kg and 100mg/Kg CUR-NP 

for 14 days 

Free Curcumin and curcumin 

nanoparticles 
Oral gavage 

Kakkar and Kaur 2011 Male Laca rats 

Aluminium induced 

toxicity in Alzheimer's and 

bioavailability  

100mg/kg; 50 mg/kg; 1, 12.5, 25, 

50 mg/kg; 1.5 mg/kg  

Free curcumin, free curcumin in 

25% tween, C-SLNs, 

rivastigmine 

Oral 

Kundu et al., 2016 Male Balb/c mice 
Bioavailability of 

curcumin  
 100 mg/kg once 

Free curcumin and formulated 

curcumin 
Oral gavage 
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6.2 Materials and Methods  

6.2.1 Materials 

Curcumin standard (C≥99.5%) was purchased from Sigma-Aldrich (Sigma, St. Louis, 

MO). Curcumin β-D-glucuronide (CG >96%), curcumin sulfate tetrabutylammonium (CS 

>98%), 2H
6-curcumin (D6C >98%) and bisphenol A-d6 β-D-glucuronide (BPAG-d6 >95%) 

were purchased from Toronto Research Chemicals (Toronto, ON, Canada). LC/MS-grade 

methanol, HPLC-grade water, ACS-grade formic acid and ammonium format were obtained 

from Sigma-Aldrich (St. Louis, MO, USA). Additional chemical reagents used in this trial are 

listed in chapter three (materials and equipment). 

Meriva® was kindly donated by Indena S.p.A., Milan – Italy. Maltodextrin (M040) was 

provided by Brenntag New Zealand Ltd, Auckland, New Zealand. Smooth, no-added-

salt/sugar peanut butter (SanitariumTM) was purchased from a local supermarket, and raw 

honey was donated by a local apiary (H5206). MFGM, curcumin and oils used were sourced 

as cited in 3.1.1, 3.1.2, 3.1.3 and 3.1.4, respectively.  

6.2.2 Methods 

6.2.2.1 Emulsion preparation 

Emulsions were prepared using high-pressure homogenisation as described in 4.3.2.3, 

and characterised through particle size, zeta-potential and microscopic structure as described 

in 4.3.2.5. For this trial, the MFGM1, lipid 700 fraction high in phospholipid content [details 

can be found in 4.4 (Table 4.8)] was used to encapsulate curcumin inside medium chain 

triglyceride oil (MCT) and fish oil (FO). In the previous chapters, curcumin was solubilised in 

the oil phase at a saturation point of 2 mg curcumin/g of oil. To increase the dose for in vivo 

delivery, this dose was increased to 5 mg/g of oil, which was achieved by increasing the 

solubilisation time from at least 4 hours to 24 hours. Some curcumin precipitate was observed 

in the oil phase; however, in the emulsified format, no precipitation was observed (Figure 6.1). 

Maltodextrin was added to the emulsion at a concentration of 5% to assist the drying process. 

Since emulsions contain 70% water and low doses of curcumin, the systems were freeze-dried 

before incorporation into “rat treats” (Table 6.2). Emulsions were weighed into plastic trays, 

added to the freeze drier and allowed to dry for two days. The trays with dried material were 

weighed again and stored at -80 freezer in the dark until treat preparation. 
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Freeze-drying protocol was as follows: a) Pre-freezing; frozen samples were added to 

the freeze drier and frozen overnight at -40°C to eliminate the moisture introduced to the 

sample and freeze-drier chamber during loading. Samples were kept at -40°C  overnight since 

this temperature is below the eutectic point of the sample. b) Primary drying; vacuum of 13.3 

Pa = 0.133 mbar was built at -40°C, and the sample was kept to dry overnight, allowing the 

system to recalibrate. The temperature was then adjusted to -15°C, and sample was dried 

further until the next morning. c) Secondary drying; the temperature was adjusted to +10°C in 

order to remove excessive moisture for 4h. After those stages of drying, the vacuum was 

released and samples were unloaded, immediately into a sealed bag to avoid absorption of 

moisture. Samples were kept at -30°C freezer until their use.  

 

Figure 6.1 Curcumin dissolved in MCT oil (5 mg/ml) on the left and curcumin solubilised in oil in emulsified 

state after high pressure homogenisation on the right (A); Dried emulsion after freeze-drying on the left, and 

example of treatment treats on the right (B), 

6.2.2.2  In vivo assay using Sprague-Dawley rats  

An in vivo study was undertaken using 102 Sprague-Dawley rats (51♂ + 51♀). Ethics 

approval was obtained from the Massey University Animal Ethics Committee, Protocol No. 

20/60.  

Eight-week-old male and female Sprague-Dawley rats (429 ± 13g body weight) were 

randomised into four test groups, pair-housed by sex in large shoe-box cages with wire lids and 

trained over one-to-three-week period to eat treats made of peanut butter, honey, and 

maltodextrin as an inert carrier (Table 6.2).  
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Rats were offered water ad libitum. Commercial chow (Teklad/Fort Richards) was also 

offered ad libitum, except for the 8 hours prior to trial feeding, when the rats were fasted. A 

single treat (3.4 ± 0.1g) containing the treatment (freeze-dried emulsions, Meriva® or free 

curcumin) was then fed to the rats (Figure 6.2). Curcumin was included in all test treats at a 

dose of 20 mg/kg body weight. Rats were weighed the day before trial and treats were tailor-

made for each rat based on its individual body weight. Treats were then orally delivered at a 

dose which equated to the dose humans would be easily able to consume in a yoghurt-type 

format. A small number of rats did not voluntarily eat the treats, and for these individuals a 

syringe administration technique was applied, allowing the rat to chew the material placed in 

its mouth before giving it more of the treatment (Figure 6.3). A group of control rats (N=6) 

were fed peanut butter treats containing no curcumin to serve as a negative control, and their 

blood and tissue samples collected only at the 60 min time point. 

 
Figure 6.2. Schematic representation of rat trial 

At the selected time points, rats were anesthetised with gas anaesthesia following SAPU 

“Isoflurane anaesthesia in rats and mice” SOP. When rats reached a state of surgical plane of 

anaesthesia, blood was collected using 18 gauge needle, transferred to vacutainer tubes and 

immediately placed on ice. Blood was divided into 2 different tubes, BD Vacutainer Serum 

tubes (silica sprayed, red top), to obtain serum samples for future use in cell treatment; and BD 

Vacutainer Plasma tubes (Sodium or Lithium Heparin, green top) used to obtain a plasma 

sample for curcumin analysis. Blood samples were centrifuged at 3000xg for 10 min to obtain 

plasma and serum samples. Plasma/serum samples were transferred to cryotubes and stored at 

-80 freezer until analysis. Effective exsanguination was carried out under deep anaesthesia as 

the initial stage of euthanasia. Subsequently, the chest cavity was opened to induce 
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pneumothorax. The organs were then collected, weighed, wrapped in foil, placed in a plastic 

bag, and immediately immersed into dry ice for snap-freezing. Frozen samples were stored at 

-80 ˚C until analysis.  

6.2.2.3  Preparation of rat feed 

Treatments were incorporated into treats (Table 6.2) offered to rats for voluntary 

consumption, with syringe feeding as an alternative for those not accepting the treats (Figure 

6.3). 

 

Figure 6.3. A) Rat eating a solid treat; B) Rat voluntarily grabbing treat after training period; C) Syringe 

administration applied to rats that were not accepting treat eating 

 Honey was added to make the treats more appealing at a concentration of 20-26%. 

Peanut butter, in addition to being added as an appealing ingredient to increase palatability, 

was added to match the fat composition of dry emulsions. Maltodextrin was added to enable 

the binding of ingredients. Maltodextrin is a food additive (texturiser) composed of hydrolysed 

starch (glucose) that is easily digested and absorbed. 
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Table 6.2. Final composition of rat treats used to deliver curcumin  

  Rat treat composition (%) 

  Free curcumin Meriva Emulsion 1 Emulsion 2 

Honey 20.0 24.6 25.9 25.9 

Peanut 

butter 
49.9 49.2 N/A N/A 

Maltodextrin  29.9 24.6 3.69 3.69 

Meriva® N/A 1.20 N/A N/A 

MCT  N/A N/A 66.5 33.3 

FO N/A N/A N/A 33.3 

MFGM 1 N/A N/A 3.69 3.69 

Curcumin 0.24 0.30 0.25 0.25 

MCT= Medium chain trygliceryde oil; FO= Fish oil; MFGM 1 = Milk fat globule membrane fraction one (Lipid 

700), a phospholipid rich MFGM fraction. Curcumin denotes the amount of free curcumin added to the treat (first 

column) or the amount of curcumin pre-incorporated into the test product (Meriva and emulsions) 

6.2.2.4 Sample preparation and HPLC-LC/MS analysis 

The protocols reported by Kunati and Yoon (Kunati et al., 2018, Yoon et al., 2020) 

were followed. 

a) Preparation of standard solutions:  

Stock solutions of C, CG and CS were prepared in methanol (1mg/mL). Curcumin β-

D-glucuronide (CG, Toronto Research Chemicals, Toronto, Canada) stock solution at the same 

concentration was prepared in methanol/H2O (70/30). Working curcuminoid mixture solutions 

were prepared from the stock solutions by serial dilution in methanol. In addition, 2H6-

curcumin (D6C, Toronto Research Chemicals, Toronto, Canada) and 2H6-tetrahydrocurcumin 

(D6TC, Toronto Research Chemicals, Toronto, Canada) solutions (internal standards, ISs) 

were prepared in methanol at concentrations of 1mg/mL, respectively. All standard solutions 

were stored at −80 °C in the dark.  

b) Preparation of plasma calibrators and quality controls:  

Plasma calibrators (0.125, 0.5, 1.0, 2.5, 5.0, 10, 25 and 50 ng mL-1) and plasma quality 

controls (7.50, 55.0, and 400 ng mL−1) were prepared by diluting standard solutions in 100 uL 

of blank rat plasma. After addition of the ISs (25ng mL−1 D6C and 100 ng mL−1 D6TC in 10 

μL of methanol), the standard samples were processed together with biological samples. 

Calibration curves for plasma and brain can be found in appendix A6.1 and A6.2. 



 119 

c) Curcumin extraction of rat plasma samples 

Plasma samples were prepared in triplicate by transferring aliquots of plasma (100 μL) 

to 2 mL microcentrifuge tubes. The ISs (25ng mL−1 D6C and 100 ng mL−1 D6TC in 10 μL of 

methanol) were added to each sample. The samples were briefly mixed, then treated with cold 

(4°C) acetic acid in methanol (10 mM, 1 mL). After rigorous mixing, incubation (4 °C, 1 h), 

and centrifugation (16,000 g at room temperature for 5 min) supernatants were transferred to 

microcentrifuge tubes and dried in a vacuum centrifuge. The dried samples were tightly capped 

and stored at −80 °C. The residue was reconstituted in 100 L of methanol and ammonium 

formate solution (10.0 mM, pH 3.0) (1:1 v/v), vortex mixed for 30 s and centrifuged at 17000 

x g at 4◦C for 10 min. The solution was transferred into an amber glass vial for LC–MS/MS 

analysis.  

d) Phospholipid extraction of rat plasma samples 

PL were isolated from plasma samples using solvent extraction. Briefly, 50L of 

plasma were diluted in 50uL Mili-Q water in a 1.5mL Eppendorf tube. 400L of methanol: 

chloroform (2:1) was added into each tube and mixed well by vortex. The tubes were then 

centrifuged at 16000xg for 10 min and the supernatant was transferred to a new 1.5mL 

Eppendorf tube. The extraction was repeated with the addition of 50L Milli-Q water and 

200L of methanol: chloroform (2:1) into each tube, followed by homogenization by vortex 

and centrifugation at 16000xg for 10 min. The supernatant was pooled together with previously 

collected supernatant, to which 130L of 0.1M KCl was added. Homogenization by vortex and 

centrifugation at 16000xg for 10min followed. The upper phase was discarded and the 

extraction was repeated with the addition of 75L of methanol and 50L of 0.1M KCl to the 

lower phase.  and mix them well with vortex. After final homogenisation and centrifugation, 

the upper phase was discarded and the volume was adjusted to 0.5mL in the Eppendorf tube 

using methanol: chloroform (2:1). Diluted extractions were transferred to dark HPLC vials and 

used for HPLC-LC/MS. 

e) Curcumin extraction of brain tissue 

Acetic acid (720 μL, 10 mM), ethyl acetate/methanol (95/5, 3mL), and a solution of ISs 

(25ng mL−1 D6C and 100 ng mL−1 D6TC in 10 μL of methanol) were added to pre-weighed 

freeze-dried brain tissue (1400 mg average) in 15 mL centrifuge tubes containing ceramic 

beads. The samples were homogenised in a vortex (thrice for 60 s each time at RT). The 
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homogenate was vigorously mixed (5 min), centrifuged (16,000 g for 5 min at RT), and the 

supernatant was transferred to microcentrifuge tubes and dried in a vacuum centrifuge. The 

dried samples were tightly capped and stored at −80 °C.  The residue was reconstituted in 100 

L of methanol and ammonium formate solution (10.0 mM, pH 3.0) (1:1 v/v), vortex mixed 

for 30 s and centrifuged at 17000 x g at 4◦C for 10 min. The solution was transferred into an 

amber glass vial for LC–MS/MS analysis, which was conducted as described in 4.3.2.5(e).  

6.2.2.5 HPLC-LC/MS 

The liquid chromatography-tandem mass spectrometry (LC–MS/MS) system used in 

this work consisted of a Shimadzu (Columbia, MD, USA) Prominence UFLC unit with a 

controller (CBM-20A), two binary pumps (LC-20AD), an autosampler (SIL- 20AC), and an 

AB Sciex (Foster City, CA, USA) API 3200 turbo-ion-spray® triple quadrupole tandem mass 

spectrometer equipped with an electrospray ionisation (ESI) probe. The LC–MS/MS system 

was controlled by AB Sciex Analyst® (version 1.5.1) software for its operation, data 

acquisition, and processing. The triple quadrupole mass spectrometer was operated under 

negative electrospray ionisation mode (ESI−) and tuned for compound-dependent and source-

dependent parameters. The optimised compound-dependent parameters obtained followed 

protocol by Kunati et al (2018). Curtain gas at 30 psi; collision assisted dissociation gas at 6 

psi; ionisation voltage at −4500 V; source temperature at 400 ◦ C; sheath gas at 50 psi; 

desolvation gas at 55 psi; and resolution at 0.7 amu. Quantitation of analytes and the IS was 

done in multiple-reaction-monitoring (MRM) mode and the following mass transitions were 

used: curcumin at 367 > 149; CG at 543 > 217; CS at 447 > 217; curcumin-d6 at 373 > 152; 

and BPAG-d6 at 409 > 233. The dwell time for each transition was 35 ms. Analytical separation 

of curcumin, CG, and CS (analytes), and curcumin-d6 and BPAG-d6 (internal standards, IS) 

was carried out at room temperature in gradient mode at a flow rate of 0.250 mL min−1 on a 

Waters (Milford, MA, USA) XTerra® MS C18 column (2.1 mm × 50 mm, 3.5 m) connected 

to a Waters XTerra® MS C18 guard column (2.1 mm × 10 mm, 3.5 m). The gradient elution 

program conducted using 10.0mM ammonium formate (pH 3.0) (Solvent-A) and methanol 

(solvent B) at a flow rate of 0.250 mL min−1 was as follows: 0–3.0 min (25–90% B), 3.0–7.50 

min (90–90% B), 7.50–7.51 min (90–25% B), 7.51–11.0 min (25–25% B). Methanol was used 

as the wash solvent between injections. For each analysis, 10.0 L of the sample was injected 
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into the system by the autosampler set at 4 ◦ C. The total run time was 11.0 min per sample and 

eluent of the first 2 min was diverted to waste. Prior to sample analysis, the column was 

equilibrated with mobile phase for at least 20 column volumes.  

6.2.2.6 Statistical analysis  

Statistical analysis were performed using SAS (SAS/STAT version 9.4). A two-way 

ANOVA model was used to determine the effect of treatment, time and their interaction as a 

fixed factors on curcumin and its metabolites in plasma and brain of rats using the Proc Mixed 

procedure. The sex of the rats was included in each model as a random effect, but in none of 

the response variables the effect was significant. Thus, it was removed from the final model. 

The model diagnostics (e.g., normal distribution) for each response variable were tested 

using the ODS Graphics procedure and the repeated statement of SAS. When the model 

assumptions were not fulfilled the raw data were transformed. When the F-value of the model 

was significant (P < 0.05), the mean values of the two-way ANOVA were compared using the 

adjusted Tukey-Kramer test. Probability values were considered statistically different at 

P<0.05, and values of 0.051<P<0.10 were considered a trend. 

6.3 Results and discussion 

Curcumin has a short half-life and it undergoes rapid metabolic reduction and 

conjugation, resulting in poor systemic bioavailability after oral administration. To my 

knowledge there is no evidence that curcumin accumulates in the brain with repeated dosage 

in healthy rats and humans. Limited data available suggest instead that curcumin is eliminated 

from the body within a few hours (Ireson et al., 2001, Pan et al., 1999b, Asai and Miyazawa, 

2000, Vareed et al., 2008, Liu et al., 2020b, Dibaei M, 2019). Specifically, when incorporated 

into the rat diet, curcumin concentrations in the brain did not differ between days 1, 4, 12, 25 

or 90 (Bansal et al., 2012). For this reason, curcumin and its metabolites were analysed in 

plasma and brain after a single delivery.  

Male and female rats were used in this study (n=3/3), but no differences were observed 

and this factor was subsequently ignored for statistical analysis, increasing the n to 6 per group 

when assessing the effects of treatment and time after administration of blood and brain 

concentrations. However, this observation is important and of interest, since most of rat studies 

have used only males (Table 6.1) with little to none inter-sex comparisons of curcumin uptake 
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or distribution in rats published. This finding indicates that in future similar studies, it will be 

of less importance to use animals of both sexes. 

HPLC-LC/MS was used to detect curcumin and its metabolites in plasma and brain, 

and an internal standard (IS) was added to each sample to calculate concentrations, ensuring 

more accurate representation of the data. The peak area for a known concentration in the 

calibration curve was divided by the area of its correspondent internal standard peak and plotted 

against the known concentration divided by the internal standard concentration (eg. 

AreaCu/AreaCu-d6 on x axis vs. ConcentrationCu/ConcentrationCu-d6 on y axis). A linear trendline 

was then applied and the obtained equation was used to calculated observed concentrations for 

each sample (Appendix A6.1 and A6.2). Quality controls were used for all the analysed 

compounds and the mean recovery was used to correct sample calculations (48%  0.02 Curc; 

69%  0.14 CG; 100%  0.11 CS). As expected, no curcumin or curcumin metabolites were 

detected in the plasma or brain of rats fed control treats without curcumin, thus eliminating any 

possibility of false positives. Examples of detected peaks for standard curve, quality control 

and samples are shown in Figure 6.4 and Figure 6.5. 

  

 

Figure 6.4. Curcumin peaks detected by HPLC-LC/MS. On x axis is the retention time, while y axis contains the 

intensity of the peak. Generated areas were used for concentration calculations based on standard curve. On the 

top left centre (a), image of the lowest calibration curve point for curcumin. Top right image (b), shows a detection 

peak in rat plasma. Bottom left (c) illustrates a peak not identified (control), where there is no clear peak for 

curcumin retention time (3.61). Bottom right (d) image represents a curcumin peak detected in rat brain.  

a b

c d
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Figure 6.5. Curcumin metabolite peaks detected by HPLC-LC/MS. . On x axis is the retention time, while y axis 

contains the intensity of the peak. Generated areas were used for concentration calculations based on standard 

curve. On the top left centre (a), image of a medium range calibration curve point for curcumin glucuronide (CG). 

Top right image (b), shows a CG detection peak in rat plasma. Bottom left (c) illustrates a peak not identified for 

CG in brain, where there is no clear peak for CG retention time (2.74) confirming that metabolites do not cross 

the BBB. Bottom right (d) image represents a curcumin sulphate peak detected in plasma. Similarly to CG, CS 

could not be detected in brain. 

Studies of curcumin bioavailability and delivery to plasma in animals and humans have 

been presented in varying ways in literature. While the number of studies analysing not only 

curcumin, but also its metabolised formats (CG and CS) is increasing (Asai and Miyazawa, 

2000, Kunati et al., 2018, Marczylo, 2007, Yoon et al., 2020), there is an extensive number of 

articles that presented data of curcumin after enzymatic reaction to convert metabolites back 

to curcumin. Many of these studies used the converted or combined concentration of curcumin 

and its metabolites to report improvements in bioavailability (Kakkar et al., 2010, Briskey et 

al., 2019, Nasef et al., 2019, Antony et al., 2008, Purpura et al., 2018, Kanai et al., 2012). There 

are also a number of published reports where this information is missing, leaving it not clear 

whether enzymatic conversion was performed or not, although the only compound shown was 

curcumin. In 2019, a study was conducted to compare the results from direct extraction and 

metabolite analysis vs enzymatic hydrolysis of plasma followed by extraction, and the authors 

concluded that there is an expressive exaggeration on the amount of curcumin detected after 

enzymatic hydrolysis. In the above-mentioned study, after oral administration of 400 mg of 

bioavailable formulation (micellar advanced absorption study product containing 400 mg 

curcumin, coconut oil, polysorbate-20, and DL-alpha-tocopherol) to adults, curcumin was 

a b

c d
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found in plasma at a concentration of 0.71ng/mL without hydrolysis against 129.4 mg/mL after 

enzymatic hydrolysis (Stohs et al., 2019). This suggests that all reported data measuring 

converted curcumin should be considered unreliable. Therefore, in our study plasma curcumin 

and its metabolites were measured and reported both separately and additively for better 

comparison with the published data in the field. As an example of the latter, the data reported 

as being plasma curcumin in Figure 6.6 consists of the combination of plasma curcumin, 

plasma CG, and plasma CS.   

 

 
Figure 6.6. Kinetic differences in the appearance of curcumin + metabolites in plasma after oral administration 

of treats containing free curcumin (free Curc), bioavailable curcumin formulation (Meriva), emulsion system 1 

(EM1) and emulsion system 2 (EM2). Data are shown as the mean + SEM of 6 animals. *Raw data were log 

transformed (Ln) to obtain normality of variance for statistical analysis and are presented as the dotted lines in the 

secondary y axis. The values showed as a solid line (primary y axis) are the back transformation of log values 

back to its original scale to allow more meaningful and intuitive data interpretation.  

The kinetics of appearance of curcumin + metabolites in plasma differed depending on 

the format in which it was administered. For free Curc, accumulation of curcumin and its 

metabolites occurred slowly, with minimal amounts present at 15 – 30 minutes, then rising 

afterwards. Curcumin and its metabolites from Meriva formulation were present in 

significantly higher concentrations at 15 – 30 minutes compared to the free Curc treatment, 

suggesting improved bioavailability and absorption. However, the levels changed little 

between 15 minutes and 60 minutes; as with free Curc, only during the second hour did 

Meriva curcumin and its metabolites accumulate in the plasma in significantly higher 

concentrations. In contrast, curcumin from the emulsions and its metabolites peaked in plasma 

immediately, and were present at significantly higher concentrations than either free Curc or 

Meriva  treatments at 15 and 30 minutes. Moreover, these levels remained high, except for 
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EM2, with there being no significant differences between any of the time points for either 

emulsion (p<0.05). Emulsions and Meriva  improved overall bioavailability and absorption 

of the delivered curcumin compared to free Curc, with the emulsions resulting in significantly 

more curcumin and its metabolites in plasma compared to Meriva over the first hour post-

ingestion. These findings suggest that the emulsion formats were superior to free curcumin and 

similar to Meriva  with regards to improving rapid and sustained delivery of curcumin + 

metabolites in plasma.  

When compared to published reports, the plasma concentrations for Curc+CG+CS in 

this study were lower than those reported in a study using the same dose of curcumin. Liu and 

collaborators (2018), found that free curcumin peaked at 30 min with a maximum concentration 

(Cmax) of 82 ng/mL, while curcumin-loaded rice bran albumin nanoparticles peaked at 60 min 

with a Cmax of 256 ng/mL. The authors did not mention the addition of glucuronide or sulfate 

enzymes to convert metabolites back to curcumin; however, only curcumin is represented at a 

8.5 fold higher than concentrations observed in our study. There is also no mention of the 

method of analysis, but a reference to another study (Shaikh et al., 2009) who used HPLC 

method as opposed to more sensitive HPLC/LC-MS used in our study. Those differences, taken 

together with findings by Stohs et al. (2019) that enzymatically converting metabolites back to 

curcumin instead of analysing them separately can account for the overestimated results, could 

be explained by authors performing enzymatic conversion without mentioning it in the paper, 

as opposed to individually analysing it as it was performed in our study. The use of different 

formulations could justify the argument that they achieved higher bioavailability; however, 

curcumin values after feeding the same dose were 3 times higher (82 ng/mL) when 

enzymatically converted (Liu et al., 2018) vs data in this study, analysed separately and pooled 

together (28 ng/mL). 

These data were further refined by assessing the individual components: curcumin, CS, 

and CG. It is deemed desirable to retain plasma curcumin in its native form for as long as 

possible in vivo, since curcumin but not its metabolites can cross the blood-brain barrier. As 

shown in Figure 6.7, curcumin concentrations were overall quite low and had wide inter-

subject variability. Free Curc resulted in the lowest curcumin concentrations in plasma; 

Meriva  and the two emulsions resulted in similar, higher curcumin concentrations but 

appeared to have slightly different kinetics, with Meriva  peaking at 15 minutes, EM1 peaking 

at 60 minutes, and EM2 peaking at 30 minutes. Curcumin concentrations in general declined 

over time, indicating that it was metabolised. These data were log transformed to obtain 
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normality for statistical analysis. An analysis of variance was used and the ratio of the mean 

square for the model to the mean square for the error (F statistic) was used to test the null 

hypothesis. For curcumin in plasma, the interaction of factors was not significant (Pr>F 

0.8556); however, the individual factors of time (Pr>F 0.0279) and treatment (Pr>F 0.0404) 

indicated significant differences for those parameters. EM1, EM2 and Meriva  had no 

statistical differences in curcumin concentrations in plasma between them, but all were 

significantly higher than those of free Curc. Similarly, curcumin concentration at time points 

15, 30 and 60 minutes did not statistically differ between them, but were significantly higher 

than those at 120 min.   

 

 

Figure 6.7. Kinetic differences in the appearance of curcumin in plasma after oral administration of treats 

containing free curcumin (free Curc), bioavailable curcumin formulation (Meriva), emulsion system 1 (EM1) and 

emulsion system 2 (EM 2). Data are shown as the mean + SEM of 6 animals . *Raw data were log transformed 

(Ln) to obtain normality of variance for statistical analysis and are presented as the dotted line in secondary y axis. 

The values showed as solid lines (primary y axis) are the back transformation of log values back to its original 

scale to allow more meaningful and intuitive data interpretation. 

The two main metabolites generated after curcumin consumption are CG and CS, which 

are formed when either glucuronide or sulphate molecules bind with curcumin, leading to 

degradation and subsequent excretion from the body. Those conjugated forms cannot cross the 

blood-brain barrier (BBB) (Pandey et al., 2020, Dei Cas and Ghidoni, 2019), reinforcing the 

importance of the correct measurement, analysis and interpretation of curcumin 

pharmacokinetic studies (Stohs et al., 2019). It is critical that the presence of the metabolites 

in the plasma be differentiated from curcumin itself for the purposes of identifying the amount 

of compound present that has the potential to enter the brain and provide protective bioactivity 
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to this organ. Therefore, in addition to free curcumin, these metabolites were measured in 

plasma and brain of rats in this study. 

CG was found in plasma for Meriva  and emulsion treatments in higher concentrations 

than the free Curc treatment (Figure 6.8). Overall, CG levels were >10-fold higher than 

unmetabolized curcumin, indicating that most of the “detectable” curcumin had been 

transformed into the metabolised form. There was a significant interaction of the factors time 

and treatment for CG distribution in plasma (Pr>F 0.0014), indicating significant differences 

for both factors and their interaction. 

 

 
Figure 6.8. Kinetic differences in the appearance of CG in plasma after oral administration of treats containing 

free curcumin (free Curc), bioavailable curcumin formulation (Meriva), emulsion system 1 (EM1) and emulsion 

system 2 (EM 2). Data are shown as the mean + SEM of 6 animals. *Raw data were log transformed to obtain 

normality of variance for statistical analysis and are presented as the dotted line in secondary y axis. The values 

showed as solid lines (primary y axis) are the back transformation of log values back to its original scale to allow 

more meaningful and intuitive data interpretation. 

CS was also detected in plasma (Figure 6.7), and a similar significant interaction of the 

factors time and treatment was observed, indicating that changes between treatments were 

dependent on time (Pr>F 0.0086). In plasma, the metabolite CG predominated, with levels 

approximately 40-fold higher than CS and up to 200-fold higher than curcumin.   
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Figure 6.9. Kinetic differences in the appearance of CS in plasma after oral administration of treats containing 

free curcumin (free Curc), bioavailable curcumin formulation (Meriva), emulsion system 1 (EM1) and emulsion 

system 2 (EM 2). Data are shown as the mean +SEM of 6 animals. *Raw data were log transformed to obtain 

normality of variance for statistical analysis and are presented as the dotted line in secondary y axis. The values 

showed as solid lines (primary y axis) are the back transformation of log values back to its original scale to allow 

more meaningful and intuitive data interpretation. 

The kinetics differed across the four formats, with the emulsions producing higher 

concentrations of CG and CS at early time points compared to free Curc and Meriva. For free 

Curc and Meriva, the kinetics for CG and CS were similar. In contrast, the two emulsions had 

similar kinetics for CG but differed for CS, with EM1 producing a later peak and higher overall 

concentrations for CS. This mirrored their differences in plasma curcumin, with EM1 

producing a more sustained high level of unmetabolized curcumin compared to EM2. The trend 

of CS distribution in plasma was similar to the one observed for CG, for which it can be 

assumed that the curcumin was metabolised into CG and CS at similar speed.  

It is expected that metabolite concentration will increase in parallel with a decrease in 

the original compound concentration. For rats that received the free Curc treatment, the plasma 

concentration of CG followed an increasing trend, which inversely correlated with the 

decreasing trend observed in the detected doses of curcumin noted previously. The same trend 

was observed for Meriva, although this treatment had significantly higher concentrations of 

CG at 15 and 30 minutes compared to the free Curc control treatment. GC from Meriva  

increased to values statistically equal to those of free curcumin at 120 minutes. Both emulsions 

showed a steady state level of CG for the first hour, with EM1 maintaining that concentration 
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for the subsequent hour while EM2 decreased in CG between the 60 and 120 minute time 

points.  

It was noticeable that curcumin declined as CG and CS rose, indicating that curcumin 

was rapidly metabolised. To visualise this more clearly, for each of the four treatments the 

three compounds were placed on the same graph (Figure 6.10). The value for each compound 

was normalised to its initial 15 minute time point, which was set to 100%; this is an artificial 

way of presenting the data but necessary to eliminate the hundred-fold differences in scale 

between curcumin and CG concentrations. Even so, a different y-axis scale had to be used for 

the free curcumin format because the differences over time were far greater than observed with 

Meriva  and the emulsions.  

When delivered as free Curc, the concentration of curcumin in plasma decreased 

slightly over time compared to the 15 minute time point. CS rose dramatically within the first 

hour and then increased only slightly thereafter, whereas CG continued to rise at the same 

trajectory from 30 minutes to 2 hours. At 2 hours, the amount of CG in plasma was 8-fold 

higher than at the 15 minute time point, indicating that curcumin metabolism occurred at a high 

rate (Figure 6.10a).  

 

 
Figure 6.10. Normalised kinetics for Curc, CG and CS in plasma after oral administration of treats containing 

free curcumin (a), bioavailable curcumin formulation Meriva (b), emulsion system EM1 (c) and emulsion system 

EM2 (d). Data are shown as the mean + SEM of 6 animals.  

Meriva   delivery similarly resulted in the slight, gradual decrease of plasma curcumin, 

but the concentrations of CG and CS did not alter between the 15, 30 and 60 minute time points, 
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and only rose at 120 minutes to levels approximately 3-fold that of the initial 15 minute 

concentration (Figure 6.10b). The emulsions behaved markedly differently to free Curc and 

Meriva. Curcumin remained steady or rose slightly over the first three time points, then 

declined slightly at 120 minutes. Interestingly, neither CG nor CS increased over time, with no 

significant difference across the time points for either metabolite (Figure 6.10c,d). This may 

indicate slower metabolism of curcumin or faster removal of the metabolites from plasma.  

The formulations through which curcumin was administrated in this study affected the 

way it was metabolised, and the peak time points for concentrations in blood differed between 

treatments. Meriva  has been used in a series of studies due to its improved bioavailability. It 

is believed that the lipophilic character of the curcumin–phosphatidylcholine complex in 

Meriva may facilitate diffusion of curcumin across biological membranes in the gastro-

intestinal tract via formation of a phospholipid monolayer on the mucosal surface, thus 

supporting the transition of curcumin from the hydrophilic gut content across lipophilic 

membranes into cells. A study has assessed the delivery of curcumin and its metabolites to 

plasma at the same time points tested in our study comparing Meriva  with unformulated 

curcumin, although at a much higher dose (340 mg/kg vs 20mg/kg), and observed marked 

differences between Meriva and free curcumin (Marczylo et al., 2007). The authors observed 

that curcumin and CG peaked at 30 min and CS at 60 when administered as unformulated 

curcumin, while curcumin peaked at 15 min when administered as Meriva. Interestingly, the 

concentrations for curcumin, CG and CS in the Marczylo et al. (2007) study decreased at 

120min. However, our study found that as curcumin decreased in concentration over time, with 

lowest values at 120min, however CG and CS increased, leading to a more stable distribution 

across time points. The trends observed were contradictory and are likely due to the >15-fold 

difference in curcumin doses administered between our study and the above-mentioned report. 

 Curcumin has been shown to peak after oral delivery in the rat at 15 – 30 minutes in 

blood, which is in accordance with the plasma observations in this study (Kundu et al., 2016, 

Chen et al., 2012, Marczylo, 2007). However, from the plasma data alone conclusions cannot 

be drawn as to whether curcumin and its metabolites were excreted from the body, stored 

intracellularly in the liver or elsewhere, or further metabolised. In particular, it was of interest 

to determine whether any curcumin entered the brain. 

Curcumin is believed to cross the BBB, however, the attachment of glucuronide and 

sulphate groups precludes this crossing ability. Curcumin may accumulate in the brain of 
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animals and humans with neurodegenerative disease and provide beneficial health effects as 

curcumin is capable of binding specifically to Aβ plaques (Maiti et al., 2019, den Haan et al., 

2018). Curcumin has been shown to peak in brain after oral delivery in the rat at 60 – 120 

minutes (Kundu et al., 2016, Chen et al., 2012, Marczylo, 2007). A single delivery is sufficient 

and preferable to initially demonstrate bioavailability and BBB-crossing, although daily 

feeding of curcumin would be needed to demonstrate efficacy against AD.  

In this study, curcumin, CG and CS were measured in the rat brains at the selected time 

points after feeding each of the four test formulations. As expected, no peaks for either CG or 

CS were detected in the brains of rats fed with free curcumin or the various formulations 

(Figure 6.5). This verifies the previous reports that neither of these curcumin metabolites is 

capable of crossing the BBB. Whole brain tissue was also used to measure the transport of 

curcumin across the BBB and retention of curcumin in the brain. Despite the use of a lower 

dose than those usually used for rats, curcumin was successfully detected in brain at all time 

points for all four treatments (Figure 6.11a).  

As with plasma curcumin, brain curcumin displayed broad variability between animals. 

Accumulation of curcumin in the brain occurred rapidly, peaking at 30 – 60 minutes for all 

treatment groups except for Meriva, which showed a higher peak occurring at 120 minutes. 

To eliminate the effect of differences in body weight (which altered the amount of curcumin 

fed) and brain weight, these data were also normalised to brain curcumin as a proportion of 

ingested curcumin (Figure 6.11b). The patterns and kinetics remained similar. Statistically, 

after log transformation, it was observed that the interaction time and treatment was significant, 

indicating differences between treatments were dependent on time (Pr>F 0.009) with Meriva 

at 120 min presenting the highest concentrations and EM2 at 15 min the lowest.  
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Figure 6.11. Kinetics of Curc in brain of rats after 15, 30, 60 and 120 minutes of oral administration of treats 

containing free curcumin (free Curc), bioavailable curcumin formulation (Meriva), emulsion system 1 (EM1) and 

emulsion system 2 (EM 2). Data are shown as the mean of 6 animals plus standard deviation error. *Raw data 

was log transformed to obtain normality of variance for statistical analysis and are presented as the dotted line in 

secondary y axis. The values showed as solid lines (primary y axis) are the back transformation of log values back 

to its original scale to allow more meaningful and intuitive data interpretation (a). Data has also been normalized 

to percentage of total ingested curcumin (b). 

Of the four treatments, Meriva  achieved the highest level of curcumin in the brain 

sample, with the concentration remaining fairly steady over time but with inter-rat variability 

increasing at the 2 hour time point. This suggests that curcumin from Meriva was rapidly 

transported into the brain and was retained or replaced over two hours of assessment. The 

delivery of free Curc resulted in less brain curcumin compared with Meriva after 15 minutes, 

1 hour, and 2 hours. Brain curcumin following emulsion feeding was comparatively lower at 

the 15 minute time point compared to Meriva, but rose over the next two time points before 

falling slightly at 2 hours. The slower uptake of curcumin from emulsions compared to Meriva  

is likely due to the slower absorption as indicated by the presence of curcumin in the plasma 

observed earlier, which showed that plasma curcumin from free Curc or Meriva peaked at 15 

minutes, whereas for the emulsions it peaked at 30 – 60 minutes. Taken together, these findings 
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suggest that curcumin delivery by Meriva may be superior in improving curcumin 

accumulation in the brain, whereas emulsion delivery changes the rate of curcumin 

metabolism. However, it is also possible that the emulsion systems may have produced higher 

brain curcumin at time points later than 2 hours.   

The dosage tested in this study extrapolates to a 70 kg human eating 1.6 grams Meriva; 

the recommended dose of Meriva in an adult is 1g powder per day. Such doses are in line with 

human intervention trials feeding adult humans 200 to 500 mg/day of curcumin in native, 

Meriva, or other formats (Weir et al., 2018, Cicero et al., 2020), as well as a bioavailability 

trial feeding 400 milligrams of curcumin (Stohs et al., 2019, Stohs et al., 2018). Similar doses 

of Meriva  used in a clinical trial for diabetes (equivalent to 180 mg curcumin/day) have 

shown improvements although no pharmacokinetic analysis were conducted (Thota et al., 

2018). If scaled to a rat dose, 180 mg curcumin in human would be equivalent to approximately 

29 mg/kg body weight, a dosage similar to the one use in our study. When converting the rat 

dosage used in our study to a human dose, an equivalent of 3.24 mg/kg body weight would be 

expected, reflecting a feasible administration dosage of 200 mg curcumin per adult per day 

(Nair and Jacob, 2016).  

Curcumin has been found in measurable levels in the plasma and brain of rodents after 

a single oral delivery of curcumin at doses of 23 – 50 mg/kg BW (Baek and Cho, 2017, Chen 

et al., 2012, Khalil et al., 2013). A rat study feeding 40 mg/kg BW resulted in serum curcumin 

at ~25 ng/mL (~70 nmol/L) (Huang et al., 2019). In humans, a single oral administration of 

400 mg curcumin (~0.6 mg/kg BW) resulted in Cmax of 0.71 ng/mL (0.25 nM) (Stohs et al., 

2019). Formulated curcumin, being more bioavailable, has been shown to result in a 5 to 100 

fold increase in blood and brain compared to native curcumin (Kundu et al., 2016, Cheng et 

al., 2017, Im et al., 2015). Curcumin in a submicron crystal solid dispersion (Theracurcumin) 

was orally administrated to rats at doses of 5mg/kg and 30mg/kg body weight and measurable 

amount of curcumin was observed in the plasma (764 ng/mL and 1697 ng/mL respectively) 

with T max of 1 and 2 hours. The same product and dose was administrated to healthy human 

volunteers and the area under the blood concentration-time curve (AUC) was 27-fold higher 

than free curcumin (Imaizumi, 2015).  

As reported elsewhere, an AIN-93M rodent diet containing curcumin at 0.06% was 

found to be beneficial in a mouse model of AD (Sharman et al., 2019). In a different 

neurodegenerative model, positive effects were observed when an optimised curcumin 
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formulation (Longvida) at 500 ppm (0.05%) was administrated to GFAP-IL6 mice (Ullah et 

al., 2020a). In a parallel study using this neurodegenerative model, curcumin in the form of 

Meriva was effective for most parameters measured when fed at 218 ppm (Ullah et al., 

2020b), which equates to approximately 22 mg curcumin/kg BW/day, similar to the dose 

assessed in rats in our study. Moreover, in a rat model of depression, 20 mg/kg formulated 

curcumin was superior to the same dose of native curcumin, but was also significantly better 

than 40 mg/kg for some parameters, indicating that a higher dose is not necessarily more 

efficacious (Aswar et al., 2020). Native curcumin has also been shown to have efficacy in 

various rodent models of brain damage when fed at doses equivalent to 5 (Fidelis et al., 2019), 

15 (Pyun et al., 2014), 20 (Vasileva et al., 2018) and 30 (Laabbar et al., 2019) mg/kg BW/day. 

I therefore postulate that feeding 20 mg/kg BW/day in future efficacy studies using a rat or 

mouse model of brain injury/disease should result in cumulative health benefits and efficacy 

over time.   

Individual phospholipids in plasma were also measured (Figure 6.12). Some 

differences were observed, particularly for the main phospholipid class phosphatidylcholine 

(PC), which was significantly higher in the plasma of rats that received Meriva formulation 

compared to those who received emulsions. Unfortunately, the incorporation of peanut butter 

and the prior ad libitum feeding of chow, while useful and ethically necessary facets of the 

study, resulted in the inability to attribute the presence of individual phospholipids in the 

plasma to Meriva or the emulsions, since peanut butter and chow also contain phospholipids 

and thus would have contributed to some of the phospholipids present in the plasma. However, 

it is interesting to note that, while all test groups received peanut butter treats containing the 

various curcumin formulations, rats in the control and Meriva groups had significantly more 

total phospholipids in their plasma at each of the time points compared to those in the emulsion 

groups and also compared to the control rats receiving peanut butter treats with no curcumin, 

despite their fat intake having been nearly identical across all groups.  For rats in the free-

curcumin group, total phospholipids in the plasma peaked at the 120 minute time point, 

whereas in the other groups the peak occurred at 30 minutes. Interestingly, rats fed emulsions 

had slightly less PE, PC, and LPC than rats fed treats with no curcumin, despite the emulsion 

groups ingesting slightly more overall lipid as their treats contained both peanut butter and 

MFGM.  
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Figure 6.12. Phospholipid distribution in plasma. PE=Phosphatidylethanolamine, PC=Phosphatidylcholine, 

SM=Sphingomyelin, PS=Phosphatidylserine, PI=phosphatidylinositol, LPE- Lyso-Phosphatidylethanolamine, 

LPC- Lyso-Phosphatidylcholine 

6.4 Conclusions 

Taken together, these findings indicate that the delivery format influenced curcumin 

release and availability in the duodenum due at least in part to differences in the overall 

digestive process. In addition, the results suggest that the emulsions reduced phospholipid 

absorption in the gut for two hours post-prandial. It would be of interest to further study how 

the emulsions specifically affect the kinetics of gastric emptying, lipid digestion, and lipid 

absorption as well as perceived satiety and unabsorbed lipid excretion. 

The components in Meriva that are believed to increase curcumin bioavailability are 

attributed to a phospholipid complex derived from sunflower seeds. In contrast, the emulsions 

used in this study contained phospholipids derived from MFGM. The findings demonstrated 

that this combination is suitable for improving curcumin bioavailability. They were selected 

because it has been suggested that these lipids may have brain-protective effects in their own 

right; it will be of interest in future studies to determine whether this specific lipid-curcumin 

combination provides additive or synergistic health benefits in neurological disorders such as 

AD.
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Chapter 7 Effect of in vitro digested emulsions and ex vivo post-prandial 

serum on neuronal cell viability and protection against amyloid-beta toxicity 

in vitro  

7.1 Abstract 

Based on evidence from literature on the benefits of curcumin, MCT and ω-3 PUFA 

against AD biomarkers, and the potential the MFGM has in promoting health, the previously 

prepared emulsions systems were tested against the toxic A peptide in vitro. The human 

neuroblastoma BE(2)-M17 cell model was used to assess cell viability and cytotoxicity using 

the 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide assay (MTS) assay to 

evaluate the effect of fresh, in vitro and in vivo digested emulsions systems containing 

curcumin. I aimed to assess how different ways to treat cells could affect A protection and 

observed that fresh emulsions were more efficient as compared to in vitro or in vivo digested. 

Fresh emulsions contained all the intact components, while in vitro digested samples presented 

a different structure and had enzymes and salts added to its composition. In vivo digested (ex 

vivo) treatments, being the serum collected from rats after they had been fed curcumin in the 

various formats, were expected to be the closest simulation to what would happen in vivo; 

however, no benefits against A toxicity were observed, although gender differences noted. 

The use of ex vivo treatments in a cell assay such as this could offer an alternative to carrying 

out simulated digestions; it could also result in the use of animals in non-terminal procedures 

if only a small serum sample is needed. However, method optimisation would be needed for 

the results to be considered reliable as the rat serum produced unexpected effects in cell growth. 

Overall, all three types of treatment offered nutritious media for M17 cells to proliferate over 

72 hours of incubation, and even promoted improved survival when compared to standard 

growth medium containing foetal calf serum.  

7.2 Introduction 

The two main hallmarks of AD are the extracellular deposition Aβ as senile plaques 

and the formation of intracellular neurofibrillary tangles, composed of hyper-phosphorylated 

forms of the microtubule-associated protein tau. Aβ-induced neurotoxicity has been suggested 

to commence synaptic loss and subsequent neuronal degeneration in AD. It is believed that 

90% of the Aβ peptides consist of Aβ1-40 and Aβ1-42, with the latter being the most toxic 

(Murphy and LeVine, 2010, Selkoe, 2001, Tiwari and Kepp, 2016). In addition to Aβ research, 
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evidence suggests that oxidative stress plays an early role in AD pathogenesis (Zhu et al., 

2004). Once accumulated, peptides and tangles disrupt synapses, creating inflammation, 

oxidative stress, and consequently loss of memory. Those damages tend to be irreversible and 

progressive; therefore, early diagnosis and intervention are important.  

The recent medication Aducanumab (Aduhelm™), tested in a phase 3 clinical trial, has 

been shown to clear Aβ from the brain of AD patients and received accelerated FDA approval 

for the treatment of AD (Budd Haeberlein et al., 2022). However, there is no evidence that the 

drug can restore cognitive function. In addition, concerns about the drug's safety were raised, 

with 19% of patients developing microhaemorrhages. The drug is now only available for trials 

and not commercially available. New approval has been requested, as the manufacturer aims  

to make it available for those who wish to use it for early AD treatment (Salloway et al., 2022).  

Since plaques can start accumulating up to 20 years before symptoms appear, 

prevention and change in modifiable risk factors have been advocated as the best strategy to 

delay the disease onset. Diet is a significantly impactful lifestyle for dementia and AD. Obesity 

and type 2 diabetes are considered risk factors for dementia and are correlated with abdominal 

fat and eating habits. Dietary interventions, such as the Mediterranean diet, have shown 

cognitive improvements in clinical trials for dementia. Its benefits are attributed to a high intake 

of fruits, vegetables and fish, all providing antioxidants and anti-inflammatory compounds. In 

addition to diets, individual food components with health-promoting properties, also called 

nutraceuticals, have been tested and gained interest in disease prevention (Cole et al., 2005a, 

Esposito et al., 2002, Frautschy et al., 2001, Otaegui-Arrazola et al., 2014).  

Curcumin has potent antioxidant and anti-inflammatory activities and binds with Aβ 

peptides generated during the disease progression (Ammon and Wahl, 1991, Barry et al., 2009, 

Frautschy et al., 2001). Likewise, MCT from coconut oil and ω-3 from fish oil have been 

studied for their positive effects against AD (Bansal et al., 2019, Marina et al., 2009, Mirzaei 

et al., 2018, Cole et al., 2005a, Konagai et al., 2013, Shinto et al., 2014). A series of cell models 

have been used to test those compounds not only against AD biomarkers but also to assess anti-

inflammatory and antioxidant properties (Baek and Cho, 2017, Liu et al., 2017, Sadli et al., 

2013, Su et al., 2010, Thapa et al., 2013). The human neuroblastoma BE(2)-M17 cell model, 

for example, has been used to assess chronic oxidative stress caused by tau phosphorylation 

(Su et al., 2010), mitochondrial dysfunction (Sadli et al., 2013), neurotoxicity associated with 

hydrogen peroxide production (Taddei et al., 2010), and the effects of nutraceuticals, such as a 
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synergistic combination of DHA, luteolin and urolithin, against Aβ1–42-induced toxicity 

(Jayatunga et al., 2021). 

Complex biological lipids such as sphingolipids and phospholipids define the structural 

properties of membranes and lipoproteins. They act as intracellular signalling molecules in 

biological processes, including development, regulation of cell growth, cross-membrane 

trafficking and adhesion. Metabolic and age-related diseases, stress responses and apoptosis 

are also related to complex lipids. They have gained attention due to their demonstrated 

beneficial effects, being suggested as potential constituents of cancer and AD treatment 

regimens and as health-favouring ingredients (Spitsberg, 2005a, Singh, 2006, Castro-Gómez 

et al., 2015, Gallier et al., 2015, García-Serrano et al., 2020, Jiménez-Flores et al., 2009).  

As both curcumin and lipids may be bioactive in protecting against AD, it was of 

interest to determine whether their effects may be additive. Based on their beneficial health-

promoting and antioxidative properties, curcumin encapsulated in emulsions prepared using 

functional oils and stabilized by MFGM phospholipids were tested for potential 

neuroprotective effects in countering Aβ-induced toxicity in human neuroblastoma BE(2)-M17 

cells.  The emulsions were tested in three formats: freshly prepared, in vitro digested and in 

vivo digested (ex vivo serum).   

7.3 Materials and methods 

7.3.1 Materials 

BE(2)-M17 was obtained from ATCC® (CRL-2267™); synthetic amyloid-beta was 

purchased from the ERI Amyloid Laboratory, Oxford, United States; the 3-[4,5-

dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide assay  (MTS) CellTiter 96 AQueous 

One kit was obtained from Promega corporation, USA; 1,1,1,3,3,3-Hexafluoro-2-Propanol, 

DMSO, Ham’s F-12, phenol red-free cell culture media, supplemented with 146 mg/L L-

Glutamine, DMEM, F12, 0.25% Trypsin/EDTA, Hanks’s balanced salt solution (HBSS) 

Gibco, Thermo Fisher Scientific - AU. 

7.3.2 Methods 

a) Cell culture  
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Human neuroblastoma BE(2)-M17 cells (M17), were maintained in T75 culture flasks 

containing 15mL of DMEM/F12 (1:1 ratio) media supplemented with 10% (v/v) foetal bovine 

serum (FBS), 2 mM L-glutamine, 4.5 g/L D-glucose and grown inside a humidified incubator 

with 5% CO2/95% air at 37°C. Cells were assessed daily during the week for population 

density. Upon reaching about 80% confluency, the cells were collected as described below and 

transferred to 96 well plates for viability assays or sub-cultured into fresh cell culture flasks. 

For all cell culture experiments, the passage number did not exceed 30. Whenever possible, 

single-use, sterile consumables including plates, flasks, culture medium, and other reagents 

were used.  Other liquid, plastic, and glass materials and items were sterilised by autoclaving.  

All items were sprayed with 70% ethanol before placing them in the culture hood in order to 

reduce the chances of contamination. All cell culture procedures were carried out inside a 

laminar flow cell culture hood after ultraviolet light sterilisation.   

The medium was removed from the flask, and previously warmed HBSS was added to 

wash the remaining DMEM/F12 media, always avoiding disrupting the cell film or touching 

the cells with the pipette. After a gentle “rinse”, HBSS was removed from the flask, and 1 mL 

of 0.25% trypsin solution was added. The flask was then gently tilted to coat the cells on the 

growing surface and placed into an incubator for about 3 minutes to allow trypsin to dislodge 

the cells. After dislodgement, cells were washed off with about 4 mL of growth medium 

directly onto the cell growing surface; the serum in the growth medium neutralised the trypsin 

and prevented further enzymatic activity. The medium containing the cell suspension was 

mixed to break up large cell clusters while avoiding the formation of bubbles. Cells were then 

counted using a ViCell or haemocytometer.  

The cell suspension was adjusted as needed to achieve the desired concentration of 

cells/mL and was then transferred to 96 well plates. Cells were plated at a density of 10,000 

cells/well and allowed to attach for 24 hours before treatment. The remaining cells from the 

stock solution were added to a new culture flask and allowed to grow until reaching about 80% 

confluence. 

b) Preparation of oligomeric amyloid-beta (A) peptide  

Oligomeric Aβ1–42 was prepared according to the method of Stine et al. (2011)  with 

some modifications. Briefly, a 1 mM Aβ solution was prepared by adding 1,1,1,3,3,3 

hexafluoro 2 propanol (HFIP) directly to a vial containing lyophilized Aβ42 powder. 2.217 mL 
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HFIP was added to 10 mg peptide. After complete dissolution, the Aβ – HFIP solution was 

incubated at room temperature for at least 30 min. After incubation, the solution was transferred 

to 1.5 mL microcentrifuge tubes using a positive-displacement repeated pipetter in 100 μL 

aliquots (0.45 mg of Aβ42). The tubes were kept open, and HFIP was allowed to evaporate 

inside a fume hood overnight. The dried tubes were then transferred to a SpeedVac and dried 

for 1 h without heating to remove any remaining traces of HFIP and moisture. Dried peptide 

films were stored over desiccant in glass jars at −20°C until their use.  

Peptide film was removed from the −20°C freezer and allowed to reach room 

temperature before use. A 5 mM Aβ DMSO stock was prepared by adding 20 μL DMSO to 

0.45 mg Aβ42 peptide (2 μL to 0.045 mg Aβ42). Cold phenol-free F-12 cell culture medium 

was added to the freshly resuspended 5 mM Aβ42 in DMSO, diluting to a final concentration 

of 100 μM Aβ (0.25% DMSO). After adding F-12 medium, the solution was kept on ice, and 

prolonged exposure to light was avoided. Samples were incubated at 4°C for 24 h before being 

added to cells.  

c) In vitro digestion and cell treatment  

Emulsions were prepared according to the protocol described in 4.3.2.3, and their 

composition details are described in Table 7.1. Emulsions (5g) were digested in vitro following 

the Infogest protocol described in detail in 5.2.2.2. Gastric digestion was stopped by adjusting 

the pH to 8 to inactivate pepsin. Intestinal digestion was stopped by the addition of Pefabloc® 

to inactivate intestinal enzymes.  

Table 7.1. Composition of emulsions systems 

Code Oil (20%) MFGM fraction and concentration Curcumin concentration 

S1 MCT MFGM1 - 5% 0.04% 

S2 MCT:FO (1:1) MFGM1 - 5% 0.02% 

S3 MCT MFGM2 - 3% 0.04% 

S4 MCT:FO (1:1) MFGM2 - 3% 0.02% 

S5 MCT MFGM3 - 3% 0.04% 

S6 MCT:FO (1:1) MFGM3 - 3% 0.02% 

MFGM1 - Lipid700, MFGM2 - BPC50 GU09, MFGM3 - HFWPC70 (fractions with varying concentrations of 

MFGM PL MFGM1>MFGM2>MFGM3); curcumin (95.5% purity); MCT (Medium chain triglyceride oil - 

CocoMCT); FO (Fish oil).  

Digested samples were diluted 10-fold in DMEM/F12 medium to help neutralizing bile 

salt toxicity through dilution before cell culture. Diluted samples were then filter-sterilised 

(0.2µm syringe filters) and added to DMEM/F12 media at varying concentrations. 
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Concentrations of 0.5% and 1% of the diluted digesta were selected based on toxicity tests and 

previous reports (Brodkorb et al., 2019, Gebhardt et al., 2019). Blood samples from rats orally 

fed with emulsions, control, free curcumin or Meriva were centrifuged, and serum was kept at 

-80ºC. Serum was then added to DMEM media at 1% concentration, filter-sterilised and used 

as a treatment for cells. The compositions of the cell treatments are shown in Table 7.2. 

Table 7.2. Composition of cell treatment media  

Treatments Composition 

Control DMEM/F12 + 1% FBS 

Fresh 

emulsions 
DMEM/F12 + 0.5% OR 1% S1, S2, S3, S4, S5, S6 

Digesta 
DMEM/F12 + 0.5% OR 1% S1 digesta, S2 digesta, S3 digesta, S4 digesta, S5 digesta, S6 

digesta 

Rat serum 
DMEM/F12 + 1% untreated group serum, Meriva group serum, EM 1 group serum, EM 

2 group serum, Free curcumin group serum (all at 15, 30, 60 and 120min) 

S1 (5% w/w MFGM1, 20% w/w MCT oil); S2 (5% w/w MFGM , 10% w/w MCT oil, 10% w/w fish oil); S3 (3% 

w/w MFGM2, 20% w/w MCT oil); S4 (3% w/w MFGM2, 10% w/w MCT oil, 10% w/w fish oil); S5 (3% w/w 

MFGM3, 20% w/w MCT oil); S6 (3% w/w MFGM3, 10% w/w MCT oil, 10% w/w fish oil); EM 1 (S1); EM 2 

(S2); untreated (peanut butter, honey and maltodextrin). MFGM1 (Lipid700), MFGM2 (BPC50 GU09), MFGM3 

(HFWPC70); curcumin (95.5% purity); MCT (Medium chain trygliceryde oil - CocoMCT); FO (Fish oil); 

Meriva (Indena S.p.A.). 

FBS was not added to the treatment media; 1% FBS in DMEM/F12 was used as control. 

After 24 hours, seeded plates with adherent cells were transferred to the cell culture hood and 

the DMEM/F12 + 10% FBS was carefully removed and replaced by 1% FBS media (control) 

or treatments (DMEM/F12 + 0.5%/1% emulsions and digesta, or DMEM/F12 + 1% rat serum). 

Each treatment was repeated at least in quadruplicate experimental replicates on the plates in 

addition to the biological replicates for emulsion preparation, digestion and rat treatments. 

Synthetic Aβ  was added to treated and control cells and incubated for 72 hours. The viability 

of controls and treated cells, and controls and treated cells + Aβ, was then assessed.  

The MTS CellTiter 96 AQueous One kit (Promega) was used to determine cell viability. 

A stock CellTiter 96 reagent was added (20 μL) to each treatment well and mixed by gently 

tilting the plate. The plate was then wrapped in foil and placed in the incubator for 4 hours per 

manufacturer instructions. The soluble formazan salt was quantified by reading the plate in a 

Perkin-Elmer plate reader with the 450 nm absorbance filter at room temperature. The average 

cell viability (%) was calculated by dividing the treatment absorbance values by the untreated 

absorbance values of each group and obtaining the mean, where the untreated value was 

considered 100%.   
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7.4 Results and discussion 

7.4.1 Effect of non-digested and digested emulsions on cell proliferation 

The amyloid precursor protein (APP) is a key factor in the pathogenesis of AD, and 

therapeutic approaches targeting Aβ are believed to end or reverse AD progression through 

inhibition of Aβ production, Aβ clearance, or neutralisation of its neurotoxicity (Taddei et al., 

2010). In this study, I assessed whether the emulsion systems (fresh, in vitro or in vivo digested) 

improved cell proliferation and protected against Aβ-induced neuronal toxicity as assessed by 

the MTS assay. The MTS assay is an improved version of the MTT assay, a simple colorimetric 

test of cell proliferation and survival used to determine relative numbers of viable or 

metabolically active cells (Mosmann, 1983). In the MTS assay, the mitochondrial reduction of 

salt by dehydrogenase enzyme generates a coloured formazan product that can be read directly 

at 495 nm (O'Toole et al., 2003), with the absorbance generally corresponding to metabolic 

cellular activity present in a linear fashion.  

A one-way ANOVA was conducted to assess whether the emulsions and the control 

differed in their effect on M17 proliferation in vitro (Figure 7.1). Both fresh and digested 

emulsions differed from the control for at least one treatment (p<0.001). Based on individual 

t-tests for comparison of means, fresh emulsions S5 and S6 were significantly higher than 

control for both 0.5 and 1% concentrations (p=0.006; 0.028; 0.000, 0.000), while S4 was 

significantly higher only at concentration of 0.5% (p=0.01) and S3 at 1% (p=0.001). 

Additionally, S6 was significantly higher than all other emulsions for both concentrations; in 

fact, viability for this treatment was doubled. Considering that S5, which used the same 

emulsifier as S6, presented results similar to other treatments, it is difficult to conclude that the 

improved effect of S6 fresh emulsion can be attributed to the MFGM3. Likewise, other 

emulsions using combined MCT and FO showed significantly lower viability, and it is unlikely 

that the oil contributed to the marked improvement in S6 system. However, it cannot be ruled 

out that accelerated proliferation or metabolic activity occurred due to synergy between 

micronutrients in the combination of MFGM3 and fish oil that were present in the fresh 

preparation but lost to the digestion process, as this was the unique factor of S6.  It is less likely 

that the unique combination of factors and processing resulted in the production of a compound 

that artificially inflated the colourimetric measurement of those wells. 
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Figure 7.1. Effect of emulsion systems on M17 cell viability after 72 hours incubation at 0.5 and 1% concentration 

in DMEM/F12 as a replacement for FBS. Viability was calculated as the percentage of control (FBS) using MTS. 

Different black letters represent differences between control and treatments at 0.5% concentration, while different 

blue letter represent differences between samples treated at 1% concentration. Unmarked treatments did not differ 

from control. S1 (5% w/w M1, 20% w/w coconut oil); S2 (5% w/w M1, 10% w/w coconut oil, 10% w/w fish oil); 

S3 (3% w/w M2, 20% w/w coconut oil); S4 (3% w/w M2, 10% w/w coconut oil, 10% w/w fish oil); S5 (3% w/w 

M3, 20% w/w coconut oil); S6 (3% w/w M3, 10% w/w coconut oil, 10% w/w fish oil). 

As opposed to fresh emulsions, digested emulsions did not improve overall cell 

viability, with S3 treatment at 1% presenting significant lower viability compared to control 

(p=0.000). All the other emulsions were statistically equal to control cells treated with FBS 

(Figure 7.1). More nutritional components could explain the differences in viability in the cells 

in the fresh emulsions treatment. The in vitro digestion protocol includes the addition of 

enzymes that alter the structure of emulsions, such as the disruption of the thin emulsifier layer 

created around the oil droplets in fresh emulsions. The digesta has been submitted to high-

speed centrifugation before the dilution in cell media to remove any undigested solids and oil, 

resulting in a clear micellar phase containing the soluble digested materials, including micelles 

containing curcumin.  

There are few studies which have used digested materials on cell models, and these are 

limited mainly to use with human intestinal cells (Caco-2) for determination of transmembrane 

crossing and delivery of compounds to the blood stream. For instance, a study used vegetable 

protein isolate to stabilise emulsions and encapsulate conjugated linolenic acid. The researchers 

treated Caco-2 cells with the micelle obtained from in vitro gastrointestinal digestion of 

emulsions and found that encapsulation improved the delivery of conjugated linolenic acid 

across Caco-2 cells when compared to free conjugated linolenic acid. Before addition to the 

cells, the emulsions were diluted (1:40 v/v), which represents a total of 2.5% of the digested 
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material in the treatment media (Fernandez-Avila et al., 2016). Another study used in vitro 

digested material to assess the influence of the solubilisation of curcuminoids in a liquid 

formulation containing a high content of phosphatidylcholine on the transport of the 

curcuminoids across a Caco-2 cells. The authors found that the solubilisation in the 

phospholipid concentrate significantly increased curcuminoids transport across the Caco-2 

cells. For our study, digesta concentrations of 0.5 and 1% were used for cell treatment based 

on preliminary tests and the results observed by the authors mentioned above (Gebhardt et al., 

2019).  

To better understand the effect of the different components in the emulsions systems, a 

4-way ANOVA was conducted to assess the effect of oil, emulsifier, concentration and 

treatment plus their interactions on cell viability. All factors significantly affected cell viability 

(Pr>F <0.001), indicating that at least one sample was significantly different from the others 

for all factors (Figure 7.2). The interaction of oil, emulsifier, concentration and treatment was 

significant, indicating that the observed differences for one factor were dependent on the 

combination of other factors. The interactions of concentration and treatment (Pr>F 0.0931) 

and emulsifier, concentration and treatment (Pr>F 0.1500) were not significant, indicating that 

concentration was not as significant in influencing the changes in cell viability when compared 

to treatment, oil and emulsifier. Furthermore, a significant interaction of oil and emulsifier was 

also observed, indicating that differences in emulsion compositions were responsible for 

differences in cell viability (Figure 7.2).  
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Figure 7.2. Effect of oil and emulsifier on M17 cell viability after 72 hours incubation in DMEM/F12 as a 

replacement for FBS. Viability was calculated as the percentage of control (FBS) using MTS. S1 (5% w/w M1, 

20% w/w coconut oil); S2 (5% w/w M1, 10% w/w coconut oil, 10% w/w fish oil); S3 (3% w/w M2, 20% w/w 

coconut oil); S4 (3% w/w M2, 10% w/w coconut oil, 10% w/w fish oil); S5 (3% w/w M3, 20% w/w coconut oil); 

S6 (3% w/w M3, 10% w/w coconut oil, 10% w/w fish oil). 

As shown in Figure 7.2, the cell viability for combined MCT and FO was significantly 

higher than MCT alone (p<0.000), suggesting improved cell proliferation, metabolic activity, 

and/or survival under nutrient-insufficient conditions, any of which could be potentially 

associated with the beneficial properties of ω-3 fatty acids for cell plasticity. MFGM3 was 

significantly higher (p<0.000) than MFGM1 and MFGM2, which were not statistically 

different between them (p=0.1883). Viability for non-digested samples and 1% concentration 

were also significantly higher than digests at 0.5% (p<0.000). Those differences can be 

attributed to the strong effect of S6 on cell viability for non-digested emulsions. Fresh 

emulsions did not present any detrimental effect in cell viability, while their corresponding 

digested materials did. Using higher concentrations of digesta could lead to improved viability; 

however, dilutions are paramount to neutralising the potential harm from enzymes, bile salts 

and other salts. Furthermore, high concentrations of curcumin have been observed to be 

cytotoxic and to induce apoptosis. Huang and collaborators for instance evaluated the effect of 

curcumin in adrenocortical carcinoma cells (SW-13) and found that even at 10µM curcumin 

caused reduction of cell viability. At 50µM curcumin promoted a reduction of 50% in cell 

viability (IC50). The authors also showed that curcumin induced apoptosis in a concentration 

dependent manner (Huang et al., 2021).  
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The M17 human neuroblastoma cell line has been used in several reported studies as a 

model to study neurotoxicity (Andres et al., 2013) and represents within the published literature 

a relevant in vitro tool for screening new therapeutic agents targeting APP metabolism. 

However, there is no evidence for the use of digested materials in this neuronal cell model to 

the best of our knowledge. Therefore, in this study, I aimed to assess if the soluble digested 

components would improve cell proliferation and assist in A toxicity protection, and if this 

method could potentially be used as a screening tool for the efficacy of delivery systems against 

biomarkers. 

7.4.2 Effect of non-digested and digested emulsions against A-induced toxicity 

Aβ is the toxic peptide formed due to the improper cleavage of APP, and it is present 

in the brains of people with AD. This peptide is toxic and cannot be eliminated by the body. It 

also has the property of being sticky, so it accumulates in the form of plaques outside the 

neurons. Aβ interacts with a wide range of neuronal receptors. The interactions between Aβ 

and receptors activate cascades that culminate in neuroinflammation, oxidative stress and 

disruption of signalling pathways (Ferreira et al., 2014). An extensive review on the use of Aβ 

oligomers in cellular models of AD conducted by Fontana and collaborators provides more 

details on the effect of endogenous and synthetic Aβ in vitro, including in the M17 cell line 

(Fontana et al., 2020).  

A concentration of 20uM Aβ is standard in the protocol followed (Stine et al., 2010) 

and was used for fresh emulsion systems and digesta assays. Aβ significantly reduced cell 

viability, and batches were retained and used after they were demonstrated to cause at least 

40% toxicity ( 

Figure 7.3). The concentration of 25 µM was significantly more toxic to cells.  
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Figure 7.3. Cell viability for M17 cells treated with Aβ at different concentrations (15, 20, 25uM) over 72 hours 

incubation. Viable cells expressed in percentage of control. Control: DMEM/F12 media + 1% FBS. Different 

letter represent significant differences between samples (p<0.05). 

While higher concentrations of Aβ would likely be more cytotoxic, using such a dose 

would reduce the chance for a test treatment to provide protection and allow cells to overcome 

Aβ-induced toxicity. Conversely, a lower concentration of 10 µM has been reported to induce 

mitochondrial dysfunction but to not alter cell viability (Sadli et al., 2013). Therefore, a 

concentration of 20 µM was selected, which significantly affected toxicity, yet should also 

allow the treatments to reverse or alleviate the effects of Aβ. In addition, since the emulsion 

systems studied are intended as a potential preventative intervention, the amount of Aβ to be 

cleared from the brain would still be lower than what is found in more severe cases of the 

disease.  

Synthetic Aβ is used to provide toxicity to cells, allowing in vitro assessment of drugs’ 

and compounds' potential benefits against AD. The Aβ used in this study is a highly static 

lyophilised powder which is soluble in polar solvents that exhibit strong hydrogen bonding, 

such as HFIP. The weighing of precise amounts of the powder is challenging, and 

inconsistencies between aliquots were often observed. A should ideally promote around 50% 

reduction in viability for FBS-treated cells; however, I found many challenges in obtaining 

such toxicity in this study. Each batch of Aβ produced was tested, kept in -30C inside air tight 

container and used within four weeks. Even when a batch was toxic to control (FBS) treated 

wells in the toxicity test, they did not necessarily cause the same toxicity in subsequent 

treatment plates, with many plates and/or wells showing no toxicity to Aβ (Figure 7.4).  
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There are no reports in the literature of this assay being so poorly reproducible, so it 

cannot be determined whether this is an unreported but oft-observed aspect of this assay or 

whether the Aβ used in this project was particularly problematic. However, for example, (Barr 

et al., 2016) stated in their methods section that both MTS and Lactate Dehydrogenase (LDH) 

release were used to determine viability and cell function; the LDH data are shown but the 

MTS data are not. In this report it is simply stated in the results that “the neuroprotection of the 

candidate peptides was confirmed using MTS”.  The variable results in the current study may 

also be influenced by retinoic acid, which is present in MFGM and has been shown to 

significantly alter M17 cell differentiation, morphology and function (Andres et al., 2013). It 

has also been suggested that the temperature and incubation time for preparing Aβ solutions 

prior to use in culture can impact peptide aggregation and availability (Sadli et al., 2013). 

Finally, the concentration of Aβ used to induce cytotoxicity ranges from 1 µM (Gu et al., 2022) 

to 5 µm (Wang et al., 2017) to 10 µm (Sadli et al., 2013) to 20 µM (Dong et al., 2019). Further 

controversy can be seen in the conflicting claims that one group found 10 µM Aβ treatment 

did not reduce cell viability (Sadli et al., 2013), while another group showed that 5 µM reduced 

viability by ~40% (Berry et al., 2018). Taken together, these facts demonstrate that this assay 

may be inadequately standardised and requires further study and optimisation, although at this 

time there is no better option available. 
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Figure 7.4. Graphical representation of data above and under toxicity threshold. Data from plates above line have 

been kept for the final analysis, while those below have been excluded. Different coloured “dot” represents a 

plates used for toxicity calculation. Viability of FBS treated well was assumed to be 100%, therefore, toxicity was 

calculated as 100 (FBS) – viability of a-beta treated wells.  

 

The average Aβ toxicity for fresh and in vitro digested emulsions was 20% (+ 2.12). 

Ideally, higher toxicity should be obtained, and data where significant toxicity was not 

achieved was excluded. Due to limitations of sample and time, those assays could not be 

repeated, and data were kept for initial assessment and screening of treatments against Aβ-

induced toxicity. Even with low toxicity, significantly higher cell proliferation was observed 

for most treatments.  

Individual t-tests were conducted for both non-digested and digested emulsions and 

their effect on cell viability after exposure to Aβ (Figure 7.5). Non-digested systems showed 

higher viability than those submitted to in vitro digestion before cell treatment. For non-

digested systems, S1 at both 0.5 and 1% (p=1.000 and 0.999) and S4 at 1% concentration 

(p=1.000) were equivalent to the control. S4 at 0.5% had significantly lower viability as 

compared to control. All the other systems showed significantly higher viability than the 

control, with S2 at both concentrations being higher than all the other treatments. This suggests 

that these components both blocked the cytotoxic activity of Aβ and provided additional 

nutrients to support cell proliferation. 
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Figure 7.5. Effect of emulsion systems on cell viability after Aβ-induced toxicity over 72 hours incubation at 0.5 

and 1% concentration in DMEM/F12 as a replacement for FBS. Viability was calculated as the percentage of 

control (FBS) using MTS. Different black letters represent differences between control and treatments at 0.5% 

concentration, while different blue letters represent differences between samples treated at 1% concentration. 

Unmarked treatments did not differ from control.  S1 (5% w/w M1, 20% w/w coconut oil); S2 (5% w/w M1, 10% 

w/w coconut oil, 10% w/w fish oil); S3 (3% w/w M2, 20% w/w coconut oil); S4 (3% w/w M2, 10% w/w coconut 

oil, 10% w/w fish oil); S5 (3% w/w M3, 20% w/w coconut oil); S6 (3% w/w M3, 10% w/w coconut oil, 10% w/w 

fish oil). 

Interestingly, once emulsions were digested, S4 at 1%, which had no effect on viability 

when applied freshly to cells, showed the greatest improvement against Aβ-induced toxicity 

and S2 at 1% showed no improvements against Aβ after in vitro digestion when compared to 

control (p=0.650). S3 and S5 at 1% were also equal to the control for digested emulsions. All 

the other treatments significantly improved cell survival after exposure to Aβ. To further 

understand the effect of factor on Aβ-induced toxicity, a 4-way ANOVA was conducted and it 

was observed that the concentration factor, of either 0.5 or 1% (Pr>F 0.2186), was the only 

factor with no significant effect on cell viability. The interactions of oil and treatment (Pr>F 

0.7465), concentration and treatment (0.1784), oil, concentration and treatment (Pr>F 0.4358) 

and the interaction of all factors (Pr>F 0.204) also had no effect on cell viability for Aβ treated 

cells. However, there was a significant interaction between emulsifier and concentration (Pr>F 

0.000), indicating that the composition of emulsions was significant in the differences observed 

among treatments (Figure 7.6). Overall, non-digested samples promoted higher viability 

(p=0.002). Digested emulsions composed of MCT and FO presented higher viability than those 

containing only MCT. MFGM3 was statistically higher than MFGM2 (p=0.004) yet showed 

no differences from MFGM1 (p=0.118). MFGM1 and MFGM2 also presented no significant 

differences among them.    
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Figure 7.6. Effect of oil and emulsifier on cell viability after Aβ-induced toxicity over 72 hours incubation in 

DMEM/F12 as a replacement for FBS. Viability was calculated as the percentage of control (FBS) using MTS. 

S1 (5% w/w M1, 20.0% w/w coconut oil); S2 (5% w/w M1, 10.0% w/w coconut oil, 10.0% w/w fish oil); S3 (3% 

w/w M2, 20.0% w/w coconut oil); S4 (3% w/w M2, 10.0% w/w coconut oil, 10.0% w/w fish oil); S5 (3% w/w 

M3, 20.0% w/w coconut oil); S6 (3% w/w M3, 10.0% w/w coconut oil, 10.0% w/w fish oil). 

These findings demonstrated that different MFGM preparations resulted in highly 

different outcomes, suggesting that emulsion and other preparations incorporating MFGM 

must be carefully selected and assessed. I further observed that the treatment of in vitro 

digestion significantly impacted the effect of treatments on A-induced toxicity, suggesting 

that the use of digesta on the assessment of biomarkers in vitro does not reflect its activity in 

its natural initial format. Overall, emulsions prepared using fish oil rich in the ω-3 fatty acids 

DHA and EPA showed improved protection compared to MCT alone.  

ω-3 fatty acids have been previously associated with improvements in AD. For 

instance, a study conducted to identify the effects of ω-3 in patients with MCI used a 

supplement which contained 1000 mg of DHA and 1000 mg of EPA and  found that ω-3 

increased A phagocytosis by macrophages. The authors also conducted in vitro assays using 

emulsions prepared with the same fish oil on macrophage cells collected from consecutive 

patient visits. Overall, the results obtained from the study suggest that fish-derived ω-3s may 

induce innate immune system pathways that increase Aβ phagocytosis and protect against 

apoptosis, thus repairing the clearance of Aβ in the AD brain (Olivera-Perez et al., 2017). 
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In addition to being selected for their anticipated protective effects against AD-induced 

neurotoxicity, the emulsions in this research were developed to assist membrane crossing, 

specifically the blood-brain barrier (BBB), for improved delivery of curcumin to the brain. 

Increasing evidence suggests that phospholipids from MFGM are key for the brain 

development in infants. Studies found that MFGM-supplemented diets supported brain 

development in piglets (Fil et al., 2019), and that the combination of commercial concentrated 

milk phospholipids and coffee polyphenols reduced mortality and preserved long-term 

memory in SAMP8 mice (Unno et al., 2022). Unno et al. stated that the mechanisms of MFGM 

phospholipids assisted in the aging process of the brain, yet they somehow improved the effect 

of polyphenols. Therefore, in this study, emulsions prepared using the more purified MFGM 

material containing no proteins and high concentrations of phospholipids was selected, with 

the intention to support membrane crossing and boost not only delivery of curcumin 

encapsulated in functional oils, but also the effects of MFGM in brain health. Emulsion systems 

1 and 2 contained 5% of this MFGM fractions and showed improved curcumin bioaccessibility 

as reported in Chapter 5. Emulsion 2, which contained FO combined with MCT, also showed 

promising bioactivity against A-induced toxicity in M17 cells. 

7.4.3 Effect of serum of rats fed formulations on cell proliferation 

Although in vitro gastrointestinal digestion provides the breakdown of 

macromolecules, there is no metabolite formation. For instance, while enzymes used during in 

vitro digestion promote the breakdown of protein and fat, they do not convert curcumin into its 

metabolites. Since most orally ingested curcumin is transformed into CG and CS, and it is these 

metabolites in the circulation that would interact with cells in the body, I proposed using in 

vivo digested samples to assess the potential effect of curcumin on cell survival. Rats were fed 

either free curcumin or curcumin encapsulated inside MCT and fish oil stabilised by high 

phospholipid MFGM fraction as emulsifier (previously selected emulsion systems S1 and S2). 

I hypothesised that higher concentrations of phospholipids, such as phosphatidylcholine and 

sphingomyelin, could improve the delivery of curcumin through the blood-brain barrier (BBB) 

and boost protective effects against AD. The selected emulsions, a commercial bioavailable 

formulation and free curcumin were fed to Sprague-Dawley rats, and data on curcumin 

absorption, retention, and distribution were presented in Chapter 6.  

Serum was collected from the rats at the time of cull (15, 30, 60 and 120 minutes post-

prandial), and these serum samples were added to cell culture medium for assessment in the 
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A-challenged M17 cell assay. To the best of our knowledge, the use of serum from rats or 

other animals fed with formulations of interest have not been used in any cell assays. There are 

limited reports of studies which used human cells rather than serum for similar purposes; for 

example, ex vivo assays were conducted on macrophage cells collected from patients diagnosed 

with mild cognitive impairment and tested for A phagocytosis after treating the cells with 

emulsions prepared using ω-3 rich oil and resveratrol (Olivera-Perez et al., 2017). Similarly 

Mizwicki and collaborators tested the immune modulators 1α,25(OH)2-vitamin D3 (1,25D3) 

and resolvin D1 (RvD1) in peripheral blood mononuclear cells (PBMCs) of AD patients 

compared to normal controls (Mizwicki et al., 2013). This group concluded that 1,25D3 and 

RvD1 in vitro rebalanced inflammation to promote Aβ phagocytosis, and suggest that low 

vitamin D3 and DHA intake could contribute to AD onset. However, our approach to identify 

if the serum of rats fed with formulations would provide protection against cytotoxicity in M17 

cells was completely novel and thus neither the outcome nor the optimal assay conditions could 

be predicted.  

Serum from a control rat fed a treat with no curcumin, serum from a treatment-fed rat 

(EM2 at 60 min), and standard FBS were assessed at a series of concentrations to determine 

the optimal concentration to use. Cells were incubated for 72 hours with the treatments. After 

the incubation period, optical density was measured using the MTS assay to determine whether 

rat serum affected cell proliferation or viability. Although higher serum concentrations 

provided higher optical density, there were no significant differences between the lowest and 

higher concentrations (1 and 10%) for FBS and control serum treatments (p = 0.1389 and 

0.1631), as shown in Figure 7.7. On the other hand, cells treated with serum from the emulsion-

fed rat had higher optical density, even when present at 1%, compared to FBS and serum from 

control rats (p = 0.00396 and 7.81E-06, respectively).   
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Figure 7.7. The optical density, equating to cell viability, after FBS or serum treatment with control and emulsion 

2 treatment rat serum samples, was assessed to determine optimal working concentrations in M17 cells. Different 

letters indicate differences in concentration within a treatment, while symbols represent differences between 

treatments at the same concentration after ANOVA and Bonferroni corrected t-test.   

In this assay, 104 cells are plated per well to ensure that, after the expected cytotoxicity 

caused by Aβ treatment, there are enough metabolically active cells to obtain a measurable and 

valid optical density reading. However, in the absence of Aβ treatment, limiting cell 

proliferation over the 3-day incubation period is necessary. This cell line has a doubling time 

of 20 to 24 hours (American Type Culture Collection [ATCC], 2022); thus, over 3 days in a 

nutritionally-replete medium, the number of cells would be expected to reach >8 x 104. 

According to manufacturer, the wells of a 96-well plate have a surface area of 0.32 cm2 and 

are unlikely to be able to accommodate >4 x 104 adherent cells. It is likely that the use of serum 

at 4% and 10% might result in rapid proliferation, causing nutrient depletion, consequently 

insufficient surface area to support the cell numbers, and finally, induction of apoptosis. For 

this reason, and to limit the apparent proliferative effect of the emulsion-fed serum treatment, 

and to match the assay conditions used to test the fresh and post-simulated-digested emulsion 

preparations described earlier in the chapter, a concentration of 1% for all serum samples was 

utilised for subsequent assays.  

The optical density of FBS-treated cells was set to be 100%, and treatments’ viabilities 

were normalised as a percentage of FBS control. The factors of sex, post-prandial time and 

curcumin treatment were analysed using a 3-way ANOVA. There was no effect of time on cell 

viability. However, the results indicated a surprising significant interaction between sex and 

treatment (Pr>F <0.0001; Figure 7.8), so data from female versus male rats were considered 

separately. The gender differences may be attributable to hormonal differences between sexes 

that could interact or interfere with cell proliferation or the assay; alternatively, there may be 
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sex-related differences in how males versus females digest, absorb, and metabolise curcumin 

or other dietary compounds that ultimately present macro- and micro-nutrients in the serum to 

the cultured cells. The influence of sex on liver metabolism has been reviewed elsewhere; 

according to findings it seems like female metabolism significantly differs from males given 

the role of liver function in the control of metabolism. The authors suggested that female 

mammals hepatic cells were able to modify, or evolve, their metabolism in relation to the host’s 

reproductive status, with oestrogen playing a role. On the other hand male mammals were not 

subjected this hormonal and evolutionary pressure, thus, leading to significant divergence 

between female and male liver functions (Maggi and Della Torre, 2018). These hypotheses 

could not be verified as the premise was beyond the scope of the thesis, but it would be of 

interest to explore further and should be considered in future study designs.  

  
Figure 7.8. Effect of treatment and gender on the viability of M17 cells treated with serum from rats fed free or 

encapsulated curcumin. Data from time points within a treatment were pooled and are shown as mean + SEM. 

Different letters show statistical differences between treatments (p<0.05). 

Cells treated with serum from free Curc and Meriva-treated rats showed improved cell 

viability compared to FBS-treated cells for both male and female rats (Figure 7.9). In contrast, 

emulsions showed such improvement only for cells treated with male rat serum, except for 

EM2 at 60 min showing improved viability for female treated cells. Post-hoc comparisons of 

the main effect indicated that the cell viability of Meriva and free Curc were higher than 

control. At the same time, no differences were observed between emulsions 1 and 2 and the 

control. However, EM2 was higher than EM2 and did not differ from Meriva and free Curc. 

Those results suggest that free curcumin and Meriva provided a more desirable growth 

environment for M17 cells at 1% concentration. Emulsions differed from free Curc and 
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Meriva treatments in their oil composition. While oil is believed to increase the delivery of 

curcumin, its presence in the serum of rats might have created a less desirable medium for cells 

to proliferate. Overall, serum from males provided significantly higher mean cell viability 

compared to female serum treated (<0.0001). However, for Meriva treated cells at 60 min, 

female rat serum showed higher viability, hence the association between treatment and sex 

(Figure 7.9).  

Figure 7.9. Cell viability normalised to FBS treated control wells, which were set at 100% (black horizontal line), 

for test wells with rat serum samples collected 15 – 120 minutes after ingestion of different curcumin treatments. 

Serum were added at 1% concentration to DMEM/F12 cell culture medium. Errors bars represent SEM and 

ANOVA results are described in the text.  

7.4.4 Effect of serum from rats fed formulations against AB-induced toxicity 

In addition to the effect of rat serum on cell proliferation as a supplement to the culture 

medium, their effect against the toxic Aβ peptide was also assessed. I faced challenges to reach 

A toxicity in vitro as only half of the plates presented toxicity of at least 30%, as discussed 

earlier and shown in Figure 7.4. In the assays testing freshly prepared emulsions and in vitro 

digested emulsions all data were retained due to number of repetitions and limitations of sample 

and time. For the in vivo digested ex vivo serum samples on the other hand, the higher number 

of repetitions allowed for a selection of plates where Aβ cause toxicity of at least 30%. 

Therefore, data on the effect of fresh emulsions vs in vitro digest vs in vivo digested could not 

be reliably compared. However, the conclusions and outcomes from in vivo digested treated 

assays explore their potential effects and use as a screening method.  

The average toxicity among all FBS wells for all treatments, including both below and 

above the selected threshold, was 20 +/- 2%. This indicates that, on average, the addition of 
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Aβ did not cause toxicity at the level expected and desired, making it difficult to determine if 

the treatments had an effect on cell survival under conditions of stress. After excluding data 

from wells where no toxicity was achieved, the viability and toxicity were calculated for each 

well, using the FBS mean for the specific treatment rather than the overall FBS mean. It is 

important to note that even for plates where FBS control wells did not show enough toxicity, 

treatment wells on the same plates often did. Similarly, plates where FBS was toxic seemed 

not to have caused toxicity for treated cells. The most expected and desirable conclusion would 

be that the treatments protected cells in plates where FBS-treated wells presented toxicity, but 

treated ones did not. However, since I also observed that even though A did not cause toxicity 

for FBS, it did for treated wells, this conclusion cannot be drawn. Rather, it must be accepted 

that this assay is poorly reproducible across wells within a single plate, as discussed earlier.  

Treatment (Pr>F 0.0001), time (Pr>F 0.0129), and gender (Pr>F 0.0045) had significant 

effects on the loss in viability induced by Aβ toxicity (Figure 7.10). An interaction between 

treatment and time (Pr>F 0.0042) was also observed, indicating that the efficacy of Aβ toxicity 

in the presence of rat serum is dependent on the time post-feeding and post-digestion that the 

serum sample was collected. Due to data under the threshold being excluded, some parameters 

had a small n, and to overcome this some data were pooled together for additional analysis.  

Viability for cells in FBS-containing medium challenged with Aβ peptide was 60% on 

average, indicating that Aβ promoted 40% cytotoxicity. None of the treatments were efficient 

in promoting extra protection to cells exposed to Aβ, with no differences observed between 

treatments and control. However, the viability of free Curc-treated wells was significantly 

higher than serum samples from rats fed Meriva and emulsion treatments. Interestingly, as 

opposed to the viability of treatments without Aβ, cells exposed to Aβ and treated with serum 

from female rats showed higher viability, indicating they induced less toxicity than male rats’ 

serum (Figure 7.10). Sera from 60 min presented significantly higher viability than sera from 

15 min, but no other differences were observed across other time points. Interaction of 

treatment and time indicates that improved viability for free Curc-treated cells was dependent 

on time, showing a significant increase at 60 and 120 min.  
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Figure 7.10. Cell viability as a percentage of FBS treated cells over time for different treatments added at 1% 

concentration to DMEM/F12 cell culture media. Line represents average toxicity for FBS treated cells exposed to 

A. Errors bars represent SEM and ANOVA results described in the text. 

Since time and treatment had a significant interaction by ANOVA analysis, to increase 

statistical power gender was excluded from the factors, and both males and females were 

combined to assess the effects of time and treatment, and the data were graphed (Figure 7.11-

a). In addition, since gender seemed to have imposed significant differences, another analysis 

was run to identify the effect of treatment and gender (Figure 7.11-b).  

Both treatment (Pr>F 0.0002), time (Pr>F 0.0165) and their interaction (Pr>0.0069) 

were significant. Free Curc significantly differed from the other treatments, offering more 

protection against Aβ-induced toxicity depending on time, suggesting that better protection by 

curcumin occurred at the latter two post-prandial time points (Figure 7.11-a).  
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Figure 7.11. Loss in viability induced by Aβ. a) Effect of treatment and time on cell viability. b) Effect of gender 

and treatment on cell viability.   

Serum from female rats provided significantly better protection against Aβ toxicity than 

serum from male rats (Pr>F 0.0003), and free Curc-treated rats had higher viability than other 

treatments (Figure 7.11-b). There was no interaction between gender and treatment, indicating 

that the differences in one factor were not affected by the other.  

Unexpectedly, none of the rat serum samples fed test treats provided significantly more 

protection than serum from rats fed control treats containing no curcumin in any form. In 
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addition, all of the serum samples provided less or equal protection than 1% FBS. The Aβ 

treatment resulted in a 37+4% loss in viability in wells with 1% FBS present compared to a 

59+6% loss in viability in wells with 1% rat serum present. It is unlikely that this was due to a 

lack of sufficient nutrients in serum for BE(2)-M17 cell maintenance, as in wells not treated 

with Aβ, the presence of rat serum appeared beneficial. The optical density, correlating with 

the number of metabolically active cells, was 0.471+0.044 in the wells containing 1% fetal 

bovine serum compared to 0.734+0.099 in the wells containing 1% rat serum (p<0.0001). 

These findings suggest that FBS, but not rat serum, contains a compound that reduces 

Aβ activity or that rat serum, but not FBS, contains a compound that exacerbates Aβ 

incorporation into cells and/or subsequent cytotoxic activity. This may be due to the difference 

in species, or it may be due to the difference in age/maturation of the sources. For example, 

while adult bovine serum can be used to culture some cell lines with similar success compared 

to foetal bovine serum, FBS contains far less sex hormones, protein, albumin, complement, 

gamma-globulin, glucose, cholesterol, sodium, and chloride compared to adult bovine serum, 

while containing much higher levels of growth factors than adult bovine serum (Gstraunthaler 

et al., 2013). In addition, adult bovine serum has been shown to differ in the proportions of 

some components based on the sex of the donor animal (Yu et al., 2013). It is also possible that 

the rat serum samples contained bilirubin, which can be released but not visible in very mildly 

haemolysed samples and which can be cytotoxic, compared to FBS which undergoes more 

stringent collection and processing procedures. For similar reasons, the rat serum may have 

contained low but physiological concentrations of endotoxin contaminant.   

There is a single publication from several decades ago in which rat serum and FBS 

were compared in assays for serum effects on the cytolytic activity of leukocytes against 

syngeneic tumour cells; in this study, cytolytic activity was lower with rat serum compared to 

FBS (Reisser et al., 1989). It is difficult to speculate further on this topic because there are no 

other reports in the literature of rat serum being used to culture the M17 neuroblastoma cell 

line or any other. However, overall our findings indicate that rat serum and FBS cannot be used 

interchangeably in cell culture systems and any culture system using serum from experimental 

animals such as rats will need to be tested and optimised. 

The studies in this chapter were originally designed to compare freshly prepared in vitro 

samples, digested in vitro samples, and post-digestion in vivo samples. The sample types 

compared in this study were: (a) freshly prepared emulsions, (b) in vitro digested emulsions, 

(c) serum from rats fed selected emulsions that contained the post-digestion metabolites of 
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curcumin preparations delivered in peanut butter and honey treats. One of the goals of this 

aspect of the study, if equal efficacy could be demonstrated, was to determine whether in vitro 

preparations to be used in future, obviating the need for in vivo studies and thus fulfilling the 

“reduce, replace, refine” mandate in animal ethics. As noted above, the curcumin preparations 

fed to the rats did not significantly differ with regard to protective effects of post-feeding serum 

samples. Much further work is needed before in vitro digested emulsions can be guaranteed to 

be representative of serum from the circulation post in-vivo digestion of the same emulsions, 

although this remains an important and worthwhile goal. 

Curcumin has been shown to bind with A, and as a result has been suggested as a 

promising agent for early detection of plaque deposition in the brain (Patil et al., 2015) and as 

an anti-amyloidogenic and anti-tau agent (Serafini et al., 2017). This thesis adds to the body of 

work that shows that even at low concentrations, curcumin can cross the blood-brain barrier, 

bind to A and act against AD biomarkers. The mechanisms by which the systems’ components 

improved cell proliferation are out of the scope of this research and need to be further 

investigated in detail, but previous literature suggests that curcumin can inhibit A aggregation, 

downregulate BACE1 expression and enhance A phagocytosis by microglia (Serafini et al., 

2017). 

7.5 Conclusions 

Research focusing on Aβ aggregation and reduction of its toxic effects using delivery 

systems to human neurons in vitro may significantly advance the development of novel 

therapeutics to treat AD. This study shows that fresh and in vitro digested emulsions were 

effective on reducing Aβ cytotoxicity in the M17 cell assay. It is envisioned that this could 

support parallel in vivo work. In a completely novel approach, I tested the use of serum taken 

from rats post-digestion to treat cells exposed to Aβ, as this can be expected to more closely 

represent the effects of orally delivered bioactive compounds compared to in vitro digestion 

products. Unfortunately, at the tested concentrations, no beneficial effects could be observed 

from in vivo digested treatments.  However, the theory remains relevant and should be further 

pursued. 

Overall, the results described in this chapter highlight several inadequacies and 

limitations in current methodologies.  Undigested compounds tested in in vitro cell assays do 

not reflect the physiological conditions that various cells and organ systems in the body are 
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exposed to from circulating metabolites post-digestion. The use of a simulated gastric digestive 

system may result in samples that produce cytotoxic conditions in in vitro cell assays, whether 

due to alterations in pH or osmolarity or due to the presence of non-inactivated enzymes.  

Serum from animals post-feeding, while theoretically valid as being representative of the 

exposure of organ systems to post-digestive metabolites, may not be feasible for use in in vitro 

assays that can only support exposure to nutritionally incomplete serum concentrations.  Serum 

from adult rats differs sufficiently to serum from fetal calves so that the two resulted in 

significant differences even in simple cell growth assays; this was an unfortunate but also 

valuable and unique finding, since such an approach has never been reported in the literature. 

Finally, the assay that utilises the human neuroblastoma BE(2)-M17 cell line with the 

oligomeric Aβ1-42 challenge to recapitulate the cytotoxic effects of plaque formation in the 

brain of AD is poorly reliable and poorly reproducible, thus requiring excessive numbers of 

replicate assays and highly selective interpretation of results. 

Further assessment of these technical challenges was beyond the scope of the thesis, so 

it cannot be determined whether this is reproducible, whether the effect is limited to this 

particular cell line, or whether this is unique to curcumin as an ingredient. However, this would 

be of great interest to explore in future, as it may have significant ramifications for the use of 

the simulated gastric digestion system as a comparison with and eventual replacement for in 

vivo models. 
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Chapter 8 Discussion and future research prospects 

8.1 General discussion 

Dementia is a public health priority, with AD being the most common form among the 

elderly. The increase in life expectancy and ageing of the population, aligned with poor health 

habits, are contributing to an increase in dementia cases that ultimately will culminate in a 

burden on the health and wealth of societies. According to Livingston et al. (2020) in an article 

published in the Lancet, a cost of approximately US$1 trillion will be needed to support a 

burden of the expected 152 million worldwide AD cases by 2050. In the absence of a cure and 

with poor efficacy of current treatments, an approach focused on prevention has been suggested 

as the best strategy to tackle this devastating disease (Barnett et al., 2013, Livingston et al., 

2020).  

While age is the main risk factor for dementia, genetics and environmental factors play 

a significant role. Factors such as age and genetics cannot be changed, yet adjustments in 

lifestyle can surely contribute to better health and reduce disease risk. In fact, it is believed that 

around 40% of dementia cases can be prevented. The link between cardiovascular disease and 

dementia is widely accepted and understood; however, there are a series of other risk factors 

that can be modified in order to increase overall health and prevent dementia onset. To date, 

there are twelve recognised modifiable risk factors: (1) excessive alcohol consumption, (2) 

head injury, (3) air pollution, (4) level of education, (5) hypertension, (6) hearing impairment, 

(7) smoking, (8) obesity, (9) depression, (10) physical inactivity, (11) diabetes and (12) 

infrequent social contact (Livingston et al., 2020). From those, at least three are directly 

correlated to diet, yet more can be indirectly correlated as diet adjustments can contribute to 

mood and boosted motivation for a more active life.  

Considering the relevance in delaying dementia onset and reducing its burden on 

society plus the major role that food plays in prevention, I proposed the use of a polyphenol, 

curcumin, as an additive to the diet to help attenuate or reduce the risk of  AD. Due to their 

abundance in foods derived from plants and their potential antioxidant activity, polyphenols 

have been considerably studied in the past years as compounds with properties that help in 

attenuating the risk factors for diseases such as cardiovascular, diabetes, cancer, and cognitive 

disorders (Di Lorenzo et al., 2021, Esposito et al., 2002, Wang et al., 2008). However, 

polyphenols are poorly bioavailable because of factors such as the interaction with food matrix 
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and metabolic processes mediated by the liver, intestine and microbiota. Additionally, they can 

be conjugated with sugars, organic acids or alcohols (Di Lorenzo et al., 2021).  

Curcumin specifically presents very low water solubility and therefore undergoes rapid 

metabolism and excretion by the liver after oral ingestion, as human physiology is largely 

aqueous-based (Ammon, 1991) (Chattopadhyay et al., 2003). At the same time, extensive 

research has shown that curcumin acts as a strong antioxidant and anti-inflammatory compound 

aiding against cancer (Cheng et al., 2001, Heger et al., 2014), arthritis (Khayyal et al., 2018), 

neurodegenerative disease (Barbara et al., 2017, Gao et al., 2020) and inflammation (Wang et 

al., 2008). Sadly, despite a series of benefits in vitro and in animal studies, the positive 

outcomes obtained by curcumin are poorly reproducible in human trials. The addition of 

curcumin in a food-based delivery system for improved bioavailability, but also for potential 

synergistic effects and easy long-term consumption, are of interest. Therefore, curcumin was 

combined with functional oils (MCT and FO) and MFGM derived materials to prepare 

emulsions systems. The MFGM fraction is obtained industrially from the processing of cream. 

The milk fat globules are disrupted during the churning and the membrane on the lipid surface 

is removed from the lipid matrix and recovered as buttermilk. Due to their health promoting 

properties, the use of MFGM PL in the development of new products is increasing (Jiménez-

Flores et al., 2009). (Nieuwenhuizen et al., 2006) studied sphingolipids in the reduction of 

plasma cholesterol and triacylglycerol levels.  

As described in details in Chapters 4 and 5, I was able to create emulsions systems with 

small particle size (Figure 4.1) that were stable over time (Figure 4.3) and increased curcumin 

bioaccessibility (Table 5.4) and protection through the gastrointestinal tract in vitro (Figure 

5.2). Those findings are in accordance with a number of recent published studies (Aditya et al., 

2015, Cheng et al., 2017, Peng et al., 2018, Silva et al., 2018, Zou et al., 2016). For instance, a 

recent study (Verma et al., 2021) used milk cream to encapsulate curcumin in an emulsion that 

was microfluidized at different pressures and passes. Similar to our findings, the authors found 

high encapsulation efficiency (97.88%), small particle size and homogeneous size distribution. 

Additionally, the authors found that in vitro digestion (oral, gastric and intestinal phases) 

remarkably increased bioaccessibility and concluded that the use of microfluidization of milk 

cream would be an inexpensive, potential vehicle for stable and bio-accessible nano-curcumin 

emulsion. As opposed to the above-mentioned study, in our study, the goal was to focus on one 

isolated fraction from milk cream. I ultimately determine that all tested MFGM derived 
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fractions were suitable and effective to create delivery systems for our goal and conclude they 

can be used as good vehicles for curcumin encapsulation.  

Food structure is of extreme importance on the fate of a food delivered orally, and since 

curcumin is a highly lipophilic molecule, an emulsion-based system was believed to be the best 

approach. In addition to curcumin, the concentrations of individual phospholipid groups across 

the fresh and digested emulsions’ structures were analysed, and it has been observed that 

phospholipids were not only able to protect curcumin, but also contributed to the formation of 

mixed micelles, as discussed in details in Chapter 5. Little change was observed in the 

phospholipid profile after gastric digestion, with more preeminent changes being noted after 

simulated intestinal digestion, where phospholipases promoted breakdown of phospholipid 

groups. I hypothesised that phospholipids from MFGM could not only assist in health-

promoting properties, but also contribute to membrane crossing, especially through the blood-

brain barrier (BBB).  

To confirm that hypothesis, I further analysed the delivery of curcumin in vivo, using a 

rat model as described in Chapter 6. Comparing a commercially bioavailable formulation with 

the selected emulsions, it was observed that the encapsulation inside MCT and fish oil droplets 

improved blood and brain delivery of curcumin when compared to free, non-encapsulated, 

curcumin (Figure 6.7, Figure 6.11). Furthermore, I explored and analysed the profile of 

metabolite distribution and identified and confirmed that most ingested curcumin was 

immediately converted into curcumin glucuronide and curcumin sulphate (Figure 6.10). Only 

plasma and blood were analysed; however, it is expected that curcumin can be found, in 

perhaps high concentrations, in the liver and even the gastrointestinal tract. The analysis of 

curcumin in other organs would provide additional insights on the distribution profile and 

metabolism. Due to time and resource limitations, the analysis of those organs was not possible 

to be conducted.  

I also observed and confirmed that once curcumin has been conjugated with 

glucuronide or sulphate groups, it becomes unable to cross the BBB, as no metabolites were 

found in the brains of rats for any of the treatments tested in our study (Figure 6.5). Even though 

curcumin delivery was improved by its encapsulation, very low concentrations were found in 

blood, as the initial administration dose was low (20mg/kg/body weight). Nevertheless, the 

tested dose was able to provide an initial overview on the profile delivery for MFGM delivery 
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systems and provide insights for more detailed and long-term studies. Here, I attempted to 

observe the delivery of curcumin, rather than assess curcumin accumulation effects over time. 

It is also relevant to mention that the current literature data available on curcumin are 

highly heterogenous due to the use different formulations, modes of administration and at times 

lack of specification on the exact product being used. For instance, I used an extract containing 

95% curcumin; however, many studies have used turmeric which contained higher 

concentrations of desmethoxycurcumin and bisdemethoxycurcumin. The interaction and 

effects of different fractions can have a huge impact on the research outcomes. In animal 

studies for curcumin bioavailability, enzymatic conversion of curcumin metabolites back to 

curcumin often resulted in an overestimated bioavailability. Therefore, conclusions in 

published reports using this methodology should be analysed carefully, as once it is converted 

to conjugated forms, the curcumin in the body is actually eliminated (Stohs et al., 2019).  

In Chapter 7 a cell line model (human neuroblastoma BE(2)-M17) was used to assess 

the effect of fresh emulsions, in vitro digested emulsions and in vivo digested emulsions on cell 

proliferation and cell survival after exposure to oligomeric Aβ1–42. The results obtained from 

this study were not strong enough to support the use of the emulsions as preventative systems 

for AD as only the MTS assay was used to determine cell viability, and the Aβ cell assay itself 

proved to be unreliable. Nevertheless, this study showed that fresh and in vitro digested 

emulsions were effective in reducing Aβ-induced cytotoxicity in the M17 cell assay (Figure 

7.5). I projected that this could support parallel in vivo work. In a completely novel approach, 

I tested the use of serum taken from rats post-digestion to treat cells exposed to Aβ, as this can 

be expected to more closely represent the effects of orally delivered bioactive compounds 

compared to in vitro digestion products. Unfortunately, at the tested concentrations, no 

beneficial effects could be observed from in vivo digested treatments (Figure 7.10), as rat serum 

produced unexpected and gender-specific effects on cell viability. However, the theory remains 

relevant and should be further pursued.  

8.2 Future research prospects 

The promising findings from this study and others suggest that if administered in a 

consistent manner and in combination with the right carrier, curcumin has the potential to 

support overall health in the context of neurodegenerative conditions. Phospholipids have been 

shown to promote liver protection and enhance memory. A study by (Crook, 1992) tested a 



 167 

specific phospholipid, phosphatidylserine, in patients with AD and found that those who 

received the formulation for twelve weeks showed improved cognition compared to those 

receiving placebo treatment. I therefore strongly recommend further investigation on the use 

of curcumin-MFGM phospholipid conjugation in neurodegenerative disorders.  

For future studies I suggest the creation of a more complex surface structure, with the 

addition of protein or a solid particle in to the phospholipid formed layer. That would further 

protect the systems through gastrointestinal digestion and potentially improve bioaccessibility 

and curcumin delivery to the brain. It would also be of interest to increase the amount of 

curcumin carried in the system. This is limited by the amount of carrier oil in the system; 

however, higher phospholipid concentrations could help carry more curcumin. I believe that 

the addition or transformation of this system to a more complex food structure would be of 

interest for future tests. Future assessments should initially look into the delivery of not only 

curcumin, but also phospholipids, ketones and fatty acids to the blood, for which a human trial 

would be more suitable than a rat trial for ethical and physiological reasons.  

Once a better bioavailability profile is obtained in a longer term test, rather than on 

administration, the food systems could be screened in a more reliable cell assay and the most 

promising candidates then further assessed in an animal model. I understand that more tests 

need to be conducted in cell assays to confidently affirm that the systems are able to act against 

AD biomarkers. An animal trial in which behavioural tests can be administered would seem to 

be a more reliable way to further assess the effects of those systems. Ultimately, after 

optimising some of the conditions mentioned above, a long-term human clinical trial where the 

systems are administered orally as part of a complex food systems consistently over time for 

cognition assessments would be ideal. 
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Appendixes 

Chapter 4  

 

Figure A4.1. Solubility of curcumin in coconut oil after two, four and eight hours at 60C. A calibration curve in 

methanol (1 to 16 mg/g) was used to calculate the concentrations after readings at 425nm in spectrophotometer. 

 
Figure A4.2. Calibration curve for curcumin in methanol. Concentrations in standard curves varied from 

0.1g/mL to 10 g/mL. Concentration of curcumin was plotted against area of curcumin. Each timepoint had at 

least 4 readings. A linear trendline was applied and the obtained equation used to calculate concentration of 

curcumin in emulsions and digesta.  
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Table A4.3. Calibration data points for phospholipids in methanol. Calibration curve was generated by the 

software. Equation was used for calculation of phospholipids in emulsions, digested materials and ream and 

aqueous phase.  

 
Calibration points were obtained by serial dilution of standard starting from 500ng/mL.  

PE=Phosphatidylethanolamine, PC=Phosphatidylcholine, SM=Sphingomyelin, PS=Phosphatidylserine, 

PI=phosphatidylinositol, LPE- Lyso-Phosphatidylethanolamine, LPC- Lyso-Phosphatidylcholine. Asterix (*) 

indicate significant interactions between oil and emulsifier in the absorbed concentration of phospholipid (cream 

phase). 

 

R
2

0.9969 0.99892 0.99809 0.99892 0.99391 0.99822 0.99851

PE PC SM PS PI - 260 LPE LPC

Cal 13 0.241 0.210 0.230 0.019 0.031 0.040 0.027

Cal 12 0.329 0.345 0.302 0.023 0.066 0.071 0.045

Cal 11 0.636 0.728 0.615 0.041 0.105 0.079 0.083

Cal 10 1.679 1.473 1.202 0.086 0.242 0.214 0.169

Cal 9 3.639 3.159 2.887 0.156 0.442 0.406 0.306

Cal 8 7.453 7.662 6.190 0.323 1.040 0.758 0.636

Cal 7 13.460 16.160 13.530 0.626 2.087 1.716 1.406

Cal 6 23.940 29.910 27.020 1.369 3.199 3.339 2.517

Cal 5 39.330 46.350 48.140 3.572 6.244 6.170 4.974

Cal 4 55.900 65.530 78.180 9.825 10.320 11.210 9.787

Cal 3 79.740 83.290 113.900 21.390 17.510 19.900 17.600

Cal 2 107.400 100.900 139.400 41.290 21.840 31.710 29.340

Cal 1 139.200 114.900 154.100 65.760 36.640 49.260 46.750

Observed µg/mL
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Figure A4.4. Total phospholipid distribution by class of freshly prepared emulsion systems and their respective 

cream and aqueous phase a) S1, 5% w/w MFGM1, 20% w/w coconut oil and S2, 5% w/w MFGM1, 10% w/w 

coconut oil, 10% w/w fish oil; b) S3, 3% w/w MFGM2, 20% w/w coconut oil and S4, 3% w/w MFGM2, 10% 

w/w coconut oil, 10% w/w fish oil; c) S5, 3% w/w MFGM3, 20% w/w coconut oil and S6, 3% w/w MFGM3, 

10% w/w coconut oil, 10% w/w fish oil). 
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Chapter 6 

 

Figure A6.1. Calibration curve for curcumin (a), curcumin glucuronide (b) and curcumin sulfate (c) in rat plasma. 

Concentrations in standard curves varied from 0.126ng/mL to 50ng/mL. Concentration of compound was divided 

by its internal standard and plotted against area of compound divided by area of its internal standard. Each 

timepoint had 4 readings and outliers were removed from curves. A linear trendline was applied and the obtained 

equation used to calculate concentration of specific compounds in rat’s plasma. 
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Figure A6.2. Calibration curve for curcumin in rat brain. Concentrations in standard curves varied from 

0.125ng/mL to 10ng/mL. Concentration of curcumin was divided by its internal standard and plotted against area 

of curcumin divided by area of its internal standard. Each timepoint had 4 readings and outliers were removed 

from curves. A linear trendline was applied and the obtained equation used to calculate concentration of curcumin 

in rat’s brain.  
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