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ABSTRACT 

 

ENCAPSULATION OF BIOACTIVE COMPOUNDS IN LIPOSOMES PREPARED WITH 

MILK FAT GLOBULE MEMBRANE-DERIVED PHOSPHOLIPIDS  

  

Bita Farhang                  Advisors:  

University of Guelph, 2012     Dr. Y. Kakuda and Dr. M. Corredig   

 

Liposome technology is considered to be an effective technology for the encapsulation 

and controlled release of nutraceuticals and bioactive compounds, as well as for 

enhancing their stability and bioavailability. This research focused on liposomes prepared 

from milk phospholipids. Model hydrophobic and hydrophilic compounds, namely β-

carotene and ascorbic acid were incorporated in the liposomes and their properties 

studied. Liposomes prepared by microfluidization with milk phospholipids showed an 

apparent diameter of about 100 nm, but in the presence of hydrophobic compounds, they 

were larger. The incorporation efficiencies for ascorbic acid increased as the 

concentration of phospholipid-rich powder increased from 5% to 10% (w/w).  However, 

from 10% to 16% (w/w), the incorporation efficiency reached a plateau value of 26%.  

There appeared to be a change in liposome structure from unilamellar to 

multivesicular/multilamellar vesicles with high levels of phospholipids (16%) and a high 

number of passes through the microfluidizer. Storage studies showed less stable 

dispersions when stored at pH 3 compared to pH 7.  The incorporation of hydrophobic 

compounds was investigated using heat, ethanol and chloroform methods. High 

incorporation efficiencies of β-carotene were obtained in all cases, i.e. 91 % for the heat 



and ethanol methods and 98 % for the chloroform method. No significant differences 

were observed in the encapsulation efficiency (26%± 0.5) of ascorbic acid. The 

liposomes made using chloroform to dissolve -carotene were significantly smaller in 

size (120±2 nm) compared to those prepared using the heat or ethanol (approximately 

175 nm) methods; however with all treatments, after one day of storage at 4°C, the 

liposome dispersion showed phase separation. This occurred not only with β-carotene but 

also with other hydrophobic compounds, namely, coenzyme Q10 and Vitamin D3, and it 

was concluded that when hydrophobic compounds are incorporated within the 

unilamellar membrane of the liposomes, the vesicles become colloidally unstable. The 

instability was resolved by preparing liposomes containing hydrophobic compounds and 

covering them with a secondary layer of phospholipids, using a secondary 

homogenization process. As more information becomes available on the health benefits 

associated with the consumption of milk derived phospholipids, there will be an ever 

increasing need to design solvent free phospholipid vesicles for incorporation into foods. 
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CHAPTER 1 

GENERAL INTRODUCTION, HYPOTHESES, AIMS AND OBJECTIVES 

 

 

1.1. General Introduction 

The interest in functional foods continues to grow, powered by progressive research 

efforts to identify properties and potential applications of nutraceutical compounds, and 

also due to public interest and consumer demand (Wildman, 2007). Optimal nutraceutical 

carriers should not only protect the active compounds against degradation and prevent 

interactions with the other food components, but should also control the release rate of 

the incorporated compound (Kirby et al., 1991; Tarver, 2006; Lakkis, 2007; Liu and Park, 

2009). In foods, an additional level of complexity exists, as the carrier needs to maintain 

the bioactivity of the compounds during food processing and storage (Korhonen, 2002).  

There are various types of nutraceutical carriers that can be employed in the food 

industry. Based on the results of liposomal studies from pharmaceutical and medical 

research, food scientists have begun to utilize liposomes for controlled delivery of 

functional components, in various food applications (Taylor et al., 2005; Mozafari et al., 

2008). In comparison with other encapsulation systems used in the food industry, 

liposomes are particularly well suited, since they are easily made, highly versatile in their 

carrier properties, and can be made with food-grade ingredients (Mozafari et al., 2008). 

Liposomes are generally produced from soy or egg phospholipids; however there are 

some challenges that are yet to be solved such as a method of preparation suitable for 

food applications and the stabilization of liposomal systems with incorporated 

hydrophobic compounds. Besides these challenges, there has also been growing interest 
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in the health benefits and functional properties of milk fat globule membrane (MFGM)-

derived phospholipids, as this novel ingredient is now  commercially available (Corredig 

et al., 2003, Thompson et al., 2006). The unique composition of the MFGM-derived 

phospholipid fractions and the low cost of some of the sources (for example, buttermilk, a 

waste product of buttermaking) may offer some advantages in the manufacture of 

liposomes for the entrapment of bioactive compounds in food systems.  

The current research is designed to better understand the behaviour of milk fat 

phospholipid liposomes containing incorporated hydrophilic and hydrophobic bioactive 

compounds, to determine their stability under various environmental conditions and 

evaluate their potential as a functional ingredient in foods.   

 

1.2. Hypotheses 

The research tested the following hypotheses: 

1. Milk fat phospholipid liposomes are effective carriers for both hydrophilic and 

hydrophobic bioactive compounds. 

2. Small unilamellar liposomes made by microfluidization are stable and can carry both 

hydrophilic and hydrophobic compounds  

3. Different methods of incorporating hydrophobic compounds can have an impact on 

liposome stability. 

4. Small unilamellar and multilamellar liposomes can incorporate hydrophobic 

compounds with equal efficiency.  
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1.3. Aims and Objectives 

The main objective of this research was to study the behavior of liposomes made with 

milk phospholipids and utilized for the incorporation of hydrophobic and hydrophilic 

compounds.  

The specific objectives are listed below:  

1. To study the properties of small unilamellar liposomes prepared by microfluidization 

and used for the incorporation of hydrophilic compounds.  

2. To study the ability of milk phospholipid liposomes to incorporate hydrophobic 

compounds and the effect of preparation method on the stability of these liposomes.  
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CHAPTER 2 

Literature review 

 

This work was published in a slightly edited form as “Farhang and Corredig, Milk 

phospholipids: a nanocarrier system for delivery of bioactive compounds, In: Lipid and 

nanotechnology, M. Ahmad, ed. AOCS press, 2011”.  

 

2.1. Introduction 

The development of new functional foods requires technologies for incorporating health-

promoting compounds into food matrices and, at the same time, maintaining their bio-

functionality, protecting them from degradation and ensuring their bioavailability. The 

production of liposomes is considered to be an effective technology for the encapsulation 

and controlled release of nutraceuticals and bioactive compounds, and to enhance their 

stability and bioavailability. However, application of liposome technology in foods has 

yet to be fully exploited.  Liposomes are often prepared with methodologies requiring the 

use of non-foodgrade materials, such as organic solvents, and often present stability 

challenges in complex formulations and processes requiring heat.  Microfluidics and 

extrusion technologies can be employed to prepare food grade unilamellar phospholipid 

vesicles (also called nanoliposomes) of about 100 nm in diameter.   

Liposomes are generally prepared with phospholipids from soy or egg, but in recent 

years, there has been a growing interest in employing milk phospholipids. Milk 

phospholipids are derived from the milk fat globule membrane (MFGM), and are 

commercially available now. The unique composition of the MFGM-derived 
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phospholipid fractions (most importantly, the high ratio of sphingomyelin) and the low 

cost of their sources, i.e. buttermilk, may offer some advantages in the manufacture of 

nanoliposomes.  In addition, there has been an increased awareness of the health benefits 

associated with the MFGM components (Imaizumi et al., 1992, Vesper et al., 1999, van 

Hooijdonk et al., 2000, Ward et al., 2006, Hellhammer et al., 2010). 

In this chapter, the preparation, structure, and physiochemical properties of liposomes, as 

well the available evidence for the potential application of liposomes in food systems will 

be reviewed. In addition, the employment of milk phospholipids for liposome preparation 

as a carrier of bioactive compounds is described.  

 

2.2. Overview of encapsulation of bioactive compounds  

 The obesity epidemic, the increased incidence of cardiovascular disease, diabetes and 

other chronic conditions have initiated a growing consumer awareness on how dietary 

and lifestyle interventions can affect the  quality of life. For this reason, food products are 

no longer just considered a source of nutrition, but as platforms for delivery of functions 

related to health and well-being. Food scientists are being challenged to develop the next 

generation of foods, which will contain bioactive compounds tailored to enhance 

particular biological functions in the body. Providing new platforms for functional foods 

holds many challenges. For example, high levels of plant polyphenols would affect the 

taste as well as the structure and texture of a milk-based drink; while vitamins and 

polyunsaturated fatty acids could oxidize during storage. Again, nutritionally significant 

levels of certain minerals, fiber, or astringent molecules in a drink may cause major 

stability, texture, taste and mouthfeel challenges. This is why an increased level of 
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sophistication in product design is needed, to make sure that the next generation of 

processed foods can deliver the promised functionalities, while maintain all the desired 

attributes before and during consumption. 

Optimal delivery systems in foods must not only be produced with food grade 

ingredients, but also protect the active compounds against degradation and prevent 

interactions with other food components during processing and storage, and, finally 

control the release rate of the incorporated compounds (Kirby et al., 1991, Mozafari et 

al., 2008, Liu and Park, 2009). Many vitamins and other micronutrients are not stable in 

food and are susceptible to degradation, the rate and extent of which depend on the 

chemical structure of the micronutrients, properties of the food matrices, processing 

conditions, and distribution/storage environment. Some of the critical parameters are 

temperature, oxygen, light, moisture, pH, and time. (Ball, 1998). The encapsulation can 

enhance stability of the encapsulated material by protecting them from environmental, 

enzymatic, and chemical changes, providing buffering against extreme pH, temperature, 

and ionic strength variations, as well as masking unwanted odors or tastes (Mozafari et 

al., 2008). 

Moreover, the delivery matrix should be compatible with the environment in the gut, and 

should not only protect, but optimize the bioavailability of the encapsulated compound. 

The production of liposomes appears to be a viable option for the encapsulation and 

controlled release of nutraceuticals and bioactive compounds, as well as for enhancing 

their stability and bioavailability. 

Liposomes are lipid vesicles containing an aqueous core and a bilayer membrane mostly 

composed of amphiphilic molecules, phospholipids. These liquid crystal vesicles are 
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formed in the presence of water, and are able to entrap solute molecules. A portion of the 

aqueous media is enclosed by the phospholipid bilayer and becomes the aqueous core of 

the newly formed vesicle. The liposome can serve as a controlled release agent for the 

bioactive compounds dissolved in the aqueous core (Reineccius, 1995). These colloidal 

particles may consist of one or more bilayer membranes.  

Initially, liposomes served primarily as model membrane systems because their bilayer 

structure could be manufactured to closely resemble the structure of cell membranes. 

Liposomes have a composition similar to that of cell membranes, they are compatible 

with tissues, and therefore have been widely used to study intracellular drug uptake 

(Gregoriadis et al., 1971, Rahman et al., 1974, Frkanec et al., 2003, Takeuchi et al., 2005, 

Zhang et al., 2005).  The ability to simulate the behavior of natural cell membranes is 

crucial when developing drugs that would target membranes with a specific composition, 

or to investigate membrane stability and degradation mechanisms that may be important 

in key biochemical reactions (Taylor et al., 2005).  Liposomes  have the unique property, 

in contrast to other delivery systems such as emulsion droplets, to carry and 

compartmentalize both water and lipid soluble bioactive compounds within a single 

vesicle (Lasic, 1993, Brgles et al., 2008). 

It has been shown in rat models that liposomes are rapidly removed from circulation and 

are trapped in the liver (Gregoriadis and Ryman, 1972). The physical properties, such as 

particle size and charge, affect the interactions with the cells and the rate of clearance 

from the blood stream (Juliano and Stamp, 1975). Liposomes can be made sufficiently 

small that they will pass through the smallest blood capillaries and of a composition (for 
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example with. ligands attached to the surface) that will target specific sites in the body to 

deliver drugs to those desired points (Reineccius, 1995). 

Phospholipids that can form liposome structures include, but are not limited to, 

phosphatidylcholine, sphingomyelin, phosphatidylserine, phophatidylinositol. Depending 

on the number of charged lipid molecules present in the bilayer, the space between 

lamellae will change, affecting the physical properties of the vesicles (Tyrrell et al., 

1976). The degree of saturation and the length of the fatty acid chains will also change 

the physical properties of the bilayer membrane, namely the curvature, their stability and 

their permeability (Tyrell et al., 1976). Changes in membrane permeability can also be 

induced by the addition of cholesterol molecules, as the presence of these molecules 

affects the fluidity of the bilayer (Demel and Kruyff, 1976).   

Food scientists have also begun to  investigate the application of liposome technology for 

controlled delivery of functional components in food products (Larivière et al., 1991, 

Thompson et al., 2009), due to  encouraging results from pharmaceutical and medical 

studies (Taylor et al., 2005, Mozafari et al., 2008) and because phospholipids have been 

associated with several health benefits (Saito and Ishihara, 1977, Van Hooijdonk et al., 

2000, Kivinen et al., 1992, Benton et al., 2001, Hellhammer et al., 2010). There are many 

potential applications for liposomes in the food industry, ranging from protecting 

sensitive ingredients and increasing the efficacy of food additives, to confining 

undesirable flavours (New, 1990, Taylor et al., 2005). 

With the growing understanding of the physicochemical properties of these phospholipid 

vesicles, their kinetic and thermodynamic stability, their interactions with food 

constituents, and the improved manufacturing technologies such as continuous high 
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pressure or membrane homogenization, as well as the lower costs of raw materials, it has 

become increasingly feasible to use liposomes to deliver functional components such as 

nutraceuticals, antimicrobials, and flavors in foods (Taylor et al., 2005). 

Liposomes are very suitable systems to deliver a wide variety of substances that are 

suitable for biological, biochemical, pharmacological, and agricultural applications. 

Targetability is an extremely useful characteristic of the lipid vesicles. Targeting 

bioactive molecules to the location in which their effect is required is necessary to attain 

adequate concentration of bioactives at the target site and to optimize their efficacy. A 

timely and targeted release increases the effectiveness of bioactives, broadens their 

application range, and ensures optimal dosage, thereby improving the cost-effectiveness 

of the product.  Because of the presence of both hydrophobic and aqueous phases in the 

structure of lipid vesicles, they can be utilized in the entrapment, delivery, and release of 

water-soluble, lipid-soluble, and amphiphilic materials. This is in contrast to most other 

encapsulation systems that can only accommodate hydrophilic substances. (Mozafari et 

al, 2008). 

Liposomes are well suited for food formulations, as they can be easily made with food 

grade ingredients. During preparation or storage, liposomes may undergo physical 

changes and/or chemical degradation. Oxidation of fatty acids in the phospholipid 

molecules can cause an increase in the permeability of the bilayers. The oxidation can be 

minimized by applying different strategies, such as carefully controlling the source of the 

lipids (high quality phospholipids with a high level of saturation), avoiding high 

temperatures during preparation and storage, or employing various antioxidants in the 

formulation (Zuidam et al., 2003). 
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Initial reports on the use of liposomes in foods have dealtwith the addition of multi 

lamellar vesicles (MLV) with entrapped proteases to cheese curd (Law and King, 1985).  

This application was found to inhibit the rapid proteolysis of β-casein in cheese curd and 

resulted in firmer cheeses and a more controlled ripening. Using small unilamellar 

vesicles (SUV) it was also possible to protect the release of proteases during freeze-thaw: 

as long as these enzymes were within the lipid vesicles, they could not   interact with the 

substrate and therefore remained .inert and inactive within the food matrix. It has been 

shown that a. liposome-entrapped dye, carboxyfluorescein, was slowly released in cheese 

curd, with less than 20% of the dye released over six months of ripening (Kirby et al., 

1987, Taylor et al., 2005). In addition to proteases, lipases have also been entrapped in 

liposomes to improve ripening of cheese (Kheadr et al., 2002). 

Liposomes have also been used to encapsulate β-galactosidase in dairy products to induce 

the slow digestion of lactose and aid in the digestion of dairy foods when consumed by 

lactose intolerant individuals (Matsuzaki et al., 1989. Rodríguez Nogales and Delgadillo 

Lopez, 2006).  It was shown that vesicles prepared with soybean phosphatidylcholine and 

cholesterol, and containing β-galactosidase were stable and retained enzymatic activity 

after 1 month of refrigerated storage (5°C under nitrogen) (Matsuzaki et al., 1989; Rao et 

al., 1995). On the other hand, encapsulated enzyme activity was significantly diminished 

with exposure to low pH conditions (pH 2.0–4.0), suggesting the effectiveness of 

liposomes to stabilize the enzyme during storage, but will rapidly release entrapped 

material upon encountering the high acid conditions of the digestive system (Rao et al., 

1995). 
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The ability of liposomes to protect molecules in their core has been widely demonstrated. 

For example, it has been shown that ascorbic acid can be protected from rapid oxidation. 

At least 50% of entrapped ascorbic acid is recovered after 50 days storage at 4°C, while 

all free ascorbic acid is oxidized within 18 days under the same conditions (Kirby et al., 

1991). The benefit would be much greater in real food systems, because the direct 

addition of ascorbic acid to foods can result in pigment formation, color bleaching, 

protein polymerization and flavour changes which may be avoided if the ascorbic acid is 

encapsulated (Reineccius, 1995). Addition of cholesterol (1:1) to multilayered liposomes, 

prepared by a dehydration/rehydration procedure and chloroform - methanol as the 

solvent system, further preserved vitamin C, compared to liposomes with no cholesterol 

(Kirby et al., 1991). After 40 days of storage at 4ºC, approximately 65% of the vitamin C 

was retained in these phosphatidylcholine cholesterol (1:1) liposomes compared to about 

10% in cholesterol-free liposomes (Kirby et al., 1991). 

Nanoliposomes coated with chitosan have also been reported to be a potential carrier for 

vitamin E (Liu and Park, 2009). When these nanoparticles were prepared by sonicating a 

mixture of phosphatidylcholine and cholesterol (40:60) with chloroform as solvent, the 

resulting vesicles are about 80 nm in diameter. Coating the liposomes with chitosan 

significantly (doubled) increased their size. These vesicles, with over 90% encapsulation 

efficiency of the vitamin E, were stable for more than 8 weeks at 4°C (Liu and Park, 

2009).  

Liposomes have also been shown to protect vitamin A (retinol) from light- or heat 

induced degradation (Lee et al., 2002). Absorption and fluorescence studies of retinol and 

retinol palmitate incorporated into the phosphatidylcholine liposomes showed that these 
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compounds are bound to the lipid bilayer, with retinol showing greater binding affinity 

than retinol palmitate (Singh and Das, 1998). It was also shown that these systems reduce 

blood viscosity and cause less lysis of red blood cells than retinoid compounds not 

complexed in liposomes (Singh and Das, 1998). Once again, the method of preparation of 

these vesicles was dehydration/rehydration, using chloroform as the solvent, followed by 

sonication (Singh and Das, 1998).  

The feasibility of substituting phytosterols, such as β-sitosterol and stigmasterol for 

cholesterol has also been evaluated (Chan et al., 2004). These liposomes prepared using 

the dehydration/rehydration procedure with chloroform as the solvent, showed higher 

encapsulation efficiencies compared to control liposomes and produced less 

thiobarbituric acid-reactive substances (TBARS) during storage. These results clearly 

demonstrated that, when preparing liposomes using the dehydration/rehydration 

procedure with chloroform as the solvent, it was possible to substitute cholesterol with 

phytosterols in the lipid bilayer (Chan et al., 2004).  

Liposomes have also been evaluated as a possible carrier of antimicrobials (Chan et al. 

2004, Laridi et al., 2003, Taylor et al., 2005). Using nisin Z as the bioactive molecule, it 

was shown that the nature of the phospholipid chains is of great importance in achieving 

high encapsulation efficiency. Hydrogenated phosphatidylcholine liposomes reached 

higher encapsulation efficiencies with nisin Z (34.6%) compared to unsaturated 

phospholipids (11.6%) or phospholipid mixtures (26%). In this case, increasing the 

cholesterol concentration in liposomes lead to a decrease in nisin Z encapsulation. It was 

also noted . that while an increase in pH from 3.6 to 6.6 resulted in a reduction of the 

encapsulation efficiency of hydrogenated liposomes (from about 25% to 14% for pH 3.6 
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to pH 6.6 respectively), liposomes containing higher percentages of unsaturated fatty 

acids did not show such a change with pH (the encapsulation remains at about 12% in 

those systems) (Laridi et al., 2003). These antimicrobial systems have been tested in 

cheese and have shown a decrease in microbial load (Laridi et al., 2003). 

The hydrophobic compound coenzyme Q10 has also been successfully incorporated in 

nanoliposomes (Xia et al., 2006). The best formulation in this case was found to be 

phospholipid/CoQ10/cholesterol/Tween 80 (2.5:1.2:0.4:1.8, w/w) with phosphate buffer 

solution (pH 7.4, 0.01 M) as the hydration media, and processed by ethanol injection and 

sonication. The diameter of these particles was about 68 nm. The encapsulation 

efficiency for CoQ10 with this formulation was greater than 95% with a retention ratio 

higher than 90% and a particle size change lower than 10% after storage for 90 days  at 

4°C in the dark (Xia et al., 2006).   

Egg phospholipids have been employed for the entrapment of lipid soluble molecules 

such as carotenoids, retinol or phytosterols in liposomes bilayer membranes (Junghans et 

al., 2000, Chan et al., 2004, Lee et al., 2005).  However, in most of these studies, the 

common technique of solvent dehydration of soy or egg phospholipids was employed 

with chloroform as the solvent and reconstitution in water; in very few cases, were the 

physical and chemical stability of the liposomes tested.  It is expected that the preparation 

method, the permeability and fluidity of the lipid bilayer (or bilayers) and the size of the 

liposomes will have a tremendous effect on the stability and the encapsulation properties 

of the liposomes. 
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2.3. Liposomes: size, structures and stability  

Liposomes are spherical structures consisting of one or more phospholipid bilayers 

enclosing an aqueous core. Phospholipids have defined polar head groups and non polar 

hydrocarbon tails, and the molecules organize themselves into ordered aggregates so that 

the non Polar Regions are away from the water phase. Figure 2.1 shows the schematic 

formation of the liposome. During this process, liposomes can entrap hydrophilic solutes 

that are present in the hydration media. Lipophilic molecules, or lipid-soluble compounds 

such as certain vitamins, nutrients, and drugs, can also be incorporated into liposomal 

bilayers by dissolving these molecules together with the lipids (Figure 2.2). 

Depending on the method of preparation, these lipid vesicles can be uni- or multilamellar, 

containing one or many bilayer shells, respectively, and they can vary in size between 20 

nm and a few hundred micrometers. The size of the liposomes and their lamellarity 

depend on the level of mechanical stress used during the dispersion process.  

Lipid vesicles are formed when phospholipids, such as lecithin, are placed in water and 

form one bilayer or a series of bilayers, each separated by water molecules, once 

adequate energy is supplied. The energy input (e.g., in the form of sonication, 

homogenization, heating, etc.) results in the arrangement of the lipid molecules, in the 

form of bilayer vesicles, to achieve a thermodynamic equilibrium.  
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Figure 2.1 Schematic liposome formation (adapted from Encapsula.com).  
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Figure 2.2 Schematic representation of the distribution of hydrophilic (Black) and 

hydrophobic (White) compounds into a liposome (adapted from Encapsula.com). 

Hydrophobic compounds are embedded in the bilayers, while water-soluble compounds 

are entrapped in the aqueous space. 
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One of the most significant properties of any kind of lipids is the effect of temperature on 

their mobility within the membrane. This response to temperature changes is known as 

phase behaviour. At low temperatures there is a crystalline phase, “Lc”, which is 

followed by a gel, or liquid-crystalline phases, “Lβ”, as the chains acquire a degree of 

mobility, a fluid phase,”L “, forms where the fatty acid chains have completely melted 

and form disordered structures (New 1994). In a mixture, this behaviour will be also 

affected by the neighbouring molecules. When temperature rises, the phospholipid 

bilayer will increase in its fluidity, as some of the lipids will transition from a solid phase 

to a liquid phase. The temperature at which lipids reversibly transform from one phase to 

another is called transition temperature. An understanding of phase transitions, ordering 

and fluidity of mixed phospholipid membranes is essential both in the manufacture and 

exploitation of liposome vesicles.  These transformations are important because the phase 

behavior of liposomes and nanoliposomes determines important properties, such as 

permeability, fusion, aggregation, deformability, and protein binding, all of which can 

significantly affect the stability of lipid vesicles and their behavior in biological systems 

(New, 1990, Mozafari et al., 2008). 

Liposomes are usually divided into three classes: large multilamellar vesicles (MLV), 

large unilamellar vesicles (LUL) and small unilamellar vesicles (SUL). Liposomes that 

contain more than a single bilayer are referred to as multilamellar vesicles (MLV) if all 

layers are concentric, or multivesicular vesicles (MVV) when a number of randomly 

sized vesicles are enclosed in the interior of another vesicle (Taylor et al., 2005). A 

schematic of the various types of vesicles is shown in Figure 2.3. 
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Figure 2.3 Schematic representation of the structure of large and small unilamellar 

vesicles (SUV/LUV), multilamellar vesicles (MLV) and multivesicular vesicles (MVV) 

(adapted from Taylor et al., 2005). 
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It is possible to assume that large unilamellar and multilamellar vesicles will have 

different loading capacities, with the LUV encapsulating high levels of water soluble 

compounds, while the MLV will encapsulate more lipid soluble compounds, because 

they have different structures. 

There are many different strategies for the preparation of liposomes. Generally, the first 

step in conventional liposome preparation involves mixing the phospholipid fraction in 

an organic solvent, followed by evaporation. With this method, MLVs readily form upon 

suspension of the dry lipid in an aqueous phase, by simple agitation. 

Since the efflux of water-soluble compounds from liposomes is often dictated by their 

membrane permeability, MLVs can exhibit maximal active compound retention due to 

the number of lamellae the agent must cross to reach the vesicle’s exterior. Major 

problems typically experienced with MLVs are the low aqueous trapped volumes and low 

trapping efficiencies. Numerous techniques, therefore, have been developed to yield 

multilamellar preparations which entrap higher proportions of the active compound. 

These increased trapping efficiencies are achieved by increasing the aqueous trapped 

volume of the vesicles and utilizing higher lipid concentrations. The resulting 

preparations tend to be quite heterogeneous in size and the extent of multilamellar 

character appears to vary for different procedures (Mayer et al., 1986). 

MLVs have limited uses for industrial applications because of their large diameters, 

heterogeneity of size, and inconsistencies from preparation to preparation. To form 

unilamellar vesicles and reduce their size, methods requiring substantial energy input 

such as sonication, extrusion or homogenization techniques must be applied (Nakhla et 

al., 1996, Barnadas-Rodríguez and Sabés, 2001).  
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To prepare liposomes for food applications, it is necessary to employ techniques that will 

meet regulatory requirements, however many traditional preparation methods 

(dehydration / rehydration) involve the use of solvents and therefore are not suitable. 

Fortunately there are some high energy input methods (e.g. microfluidization or 

extrusion) that are capable of continuous production of liposomes on a large scale, and do 

not require the use of organic solvents (Mozafari et al., 2008). 

The size of the liposomes and their lamellarity depend on the level of mechanical stress 

applied during the dispersion process. One of the most popular methods used to prepare 

liposomes involves the evaporation of the lipid in a thin film followed by addition of 

buffer and sonication or some other mechanical treatment. Simple agitation causes the 

formation of MLVs. High levels of mechanical stress, e.g. high-pressure homogenization, 

sonication or extrusion, lead to small, unilamellar liposomes (Lasic, 1993, Barnadas-

Rodríguez and Sabés, 2001, Lasch et al., 2003, Thompson and Singh, 2006, Mui and 

Hope, 2007). By reducing the size, the macroscopic appearance of the liposome 

dispersion changes and creaming is significantly reduced.  It has been shown that 

nanoliposomes, with a size between 70 to 200 nm, and with good size homogeneity is 

advantageous for prolonged circulation in the bloodstream and for  improved interactions 

due to increased surface area (Lasch et al., 2003). It is claimed that multilamellar 

liposomes will release material more gradually than unilamellar vesicles, as their 

concentric membranes degrade slowly (New, 1990). 

Encapsulation efficiencies as high as 50% (Kirby et al.,  1991, Chan et al., 2004) have 

been reported for hydrophilic materials prepared with a standard thin-film liposome 

preparation method, with repeated freezing and thawing of the dispersion. This practice 
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increases the encapsulation efficiency. In general, lower encapsulation efficiencies are 

reported for hydrophilic molecules incorporated in unilamellar nanoliposomes, using high 

pressure microfluidization – where liposomes have a monomodal distribution with 

diameters of about 100 nm (Thompson et al., 2006, Alexander et al., 2012). 

Microfluidization or other high energy input techniques are more feasible than the 

dehydration / rehydration technique, because of the regulatory requirements associated 

with liposomes when used in foods. 

Nanoliposomes such as those prepared by microfluidization are of particular interest, as 

their small size and substantial surface area provide unique functionalities. Indeed, 

structures at the nano scale have potential, because of the greatly increased surface area 

available for interactions with target molecules and tissues.  In addition, the small size of 

these liposomes makes them less susceptible to physical destabilization.  However, a 

better understanding of the physicochemical characteristics of these nanometer size 

particles and how they can change the structure, texture and quality of the food matrix, is 

still needed.  In particular, it is not well known how the encapsulation efficiency, the 

stability of the membranes,  the absorption and the bioavailability of the components are 

affected in a small unilamellar vesicle prepared with microfluidization, compared to what 

is known in the literature from the numerous studies using liposomes prepared with 

solvents such as chloroform. 

It is claimed that large, unilamellar or multilamellar vesicles show higher encapsulation 

efficiency than small vesicles.  Hydrophobic compounds, in particular, are better 

incorporated in MLV bilayers. As the MLVs are larger in size, they can also incorporate 

more hydrophilic compounds; however their stability is significantly lower than that of 
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SUVs. LUV also show high encapsulation efficiency, as the core volume of the liposome 

is large. These types of liposomes can be prepared by sequential extrusion of MLVs 

through a series of filters of reducing pore size under low pressure (Lasch et al., 2003, 

Mui and Hope, 2007).  

In extrusion or membrane homogenization, the dispersed phase containing large 

liposomes is forced to pass through small pores, and this causes the formation of a 

homogeneous population of small vesicles (Taylor et al., 2005).  Although these methods 

can also be carried out using food grade solvents, the most up-scalable method of 

preparation of liposomes is microfluidization or high pressure homogenization.  In a 

microfluidizer, the size reduction is caused by the collision of two high-velocity fluid 

streams of the lipid dispersion in an interaction chamber (Barnadas-Rodríguez et al., 

2003, Taylor et al., 2005). Within the interaction chamber, cavitations, along with shear 

and impact, reduce the size of the particles.   

It is possible to prepare small monodisperse distribution of phospholipid dispersions 

using high pressure homogenization.  The particle diameter is monodispersed, with an 

average apparent diameter between 100-130 nm (Alexander et al., 2012).  Liposomes 

with an average diameter of 95 ± 5 nm have been prepared with soy or milk 

phospholipids using microfluidization (Thompson et al., 2006).  

In extrusion or membrane homogenization, the dispersed phase containing large 

liposomes is forced through a membrane or a filter with a uniform pore size distribution, 

generating a homogeneous population of smaller vesicles.  In the case of extrusion, 

usually the dispersions require a greater number of passes through the membrane 
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compared to microfluidization cycles (or high pressure homogenization), to obtain 

unilamellar nanoliposomes of similar size. 

 

2.4. Milk phospholipids and their potential applications as ingredients for liposomes 

Most studies on liposomes have been based on samples prepared with soy or egg-derived 

phospholipids (New, 1990, Lasic, 1993). Recently, a new extract from the milk fat 

globule membrane (MFGM) has become commercially available, and it appears to be a 

viable alternative to the more traditional soy or egg sources (Thompson and Singh, 2006, 

Thompson et al., 2006). The MFGM in native milk surrounds the fat globules and 

protects them from oxidation and coalescence.The MFGM derives from the mammary 

cell,therefore its composition is similar to that of any biological membrane, and consists 

of phospholipids, glycoproteins, neutral lipids, enzymes and other minor components 

(McPherson and Kitchen, 1983, Ward et al., 2006). The phospholipids from milk can be 

extracted from a number of by-products such as buttermilk or butter serum (Corredig et 

al., 2003, Rombaut et al., 2006, Gallier et al., 2010). Table 2.1 illustrates the difference in 

composition among the three different phospholipid sources, soy, egg and milk. The 

polar lipids present in the MFGM belong to two main classes: the glycerophospholipids, 

such as phosphatidylcholine, phosphatidylethanolamine, phosphatidylinositol, etc., and 

the sphingolipids, based on sphingosine, an amino alcohol with a long unsaturated 

hydrocarbon chain. Figure 2.4 shows the structures of various phospholipids classes.  The 

composition of polar lipids in the MFGM differs greatly from that of soy and egg 

phospholipids (Burling and Graverholt, 2008). While egg phospholipids are 
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predominantly phosphatidylcholine, soy phospholipids are mixture of phosphatidyl- 

choline, phosphatidyethanolamine and phosphatidylinositol. 

 Amongst phospholipids, phosphatidylcholine and phosphatidylethanolamine are present 

at a high ratio in the MFGM isolates, and anionic phospholipids (phosphatidylinositol 

and phosphatidylserine) are present in lower amounts (Rombaut and Dewettinck, 2006). 

The main sphingolipids found in MFGM are sphingomyelin, cerebrosides and 

ganglyosides. The milk phospholipids are rich in unsaturated fatty acids, with about 25% 

oleic and 6% linoleic acids (Fauquant et al., 2007) and they play an essential role in 

imparting fluidity to the membrane. Sphingomyelin is high in saturated fatty acids 

(McPherson and Kitchen, 1983). 
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Figure 2.4 Structure of the major phospholipids:  Sphingomyelin, Phosphatidylcholine, 

Phosphatidylethanolamine, Phosphatidylserine, Phosphatidylinositol and Phosphatidic 

acid. 
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Table 2.1 Relative phospholipid composition (% w/w) of different commercial sources 

(adapted from Burling and Graverholt, 2008). 

 

 Soy 

(%) 

Egg 

(%) 

Milk  

(%) 

Phosphatidylcholine 34 75 27 

Phosphatidylethanolamine 21 15 25 

Phosphatidylinositol 18 0.4 8 

Phosphatidylserine 0.5 0 12 

Sphingomyelin 0 1.5 24 

Phosphatidic acid 9 0 0 

Others 17.5 8.1 4 

 

 

The MFGM phospholipids have a high amount of phosphatidylcholine and 

sphingomyelin, and this ratio between the two polar lipids should impart unique 

properties to the bilayer membrane (Barenholz and Thompson, 1980). While the 

hydrophobic regions of phosphatidylcholine are composed of two fatty acids esterified to 

the backbone of glycerol, and the two acyl chains in position 1 and 2 are almost equal in 

length, the hydrophobic regions of sphingomyelins are very different. The acyl chain (on 

average, about 20 carbons in length) is linked to the primary amino group of the 

sphingosine with an amide bond, and the second portion of the hydrophobic region is the 
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paraffinic chain on the sphingosine, and it is short in length, leading to an asymmetric 

structure (Barenholz and Thompson,1980).  

The co-presence of phosphatydilcholine and sphingomyelin in the lipid bilayer will 

impart unique properties to the bilayer, and as a consequence, to the liposomes prepared 

with these fractions.  Most sphingomyelins have their phase transition temperature (i.e. 

the temperature at which sol-gel transition occurs) in the physiological temperature range, 

while phosphatidylcholine have transition temperatures below 37°C.  It has been shown 

that sphingomyelins are involved in forming a more structured gel phase in the bilayer 

(Barenholtz and Thomson, 1980).  Recently, microstructural evidence using confocal 

microscopy showed the presence of phase separated areas in the native MFGM, with 

segregated domains of sphingomyelin and cholesterol (Lopez et al., 2010).  The profound 

difference in the composition of milk phospholipids compared to the plant sources creates 

opportunities for the production of vesicles with different physico-chemical 

characteristics.  For example, the vesicles may be less susceptible to oxidation, and the 

differences in transition temperatures may cause different permeability and storage 

stability, when used as a delivery system. Previous studies have revealed that the addition 

of sphingomyelin to a liposome structure increases its stability (Webb et al. 1995; Semple 

et al. 2005). Increased stability is thought to be due to the resistance to enzymatic 

hydrolysis of the non-ester hydrocarbon chain linkage in the sphingomyelin head group 

as well as the high levels of saturation of the hydrocarbon chains (Webb et al. 1995; 

Semple et al. 2005). The more stable the liposome structure and the more resistance to 

enzymatic hydrolysis, the longer the liposome can circulate in the blood and the more 
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likeky the drug will arrive at the disease site (Chonn and Cullis 1995; Drummond et al. 

1999). 

Another very attractive aspect of milk phospholipids is their recognized biological 

activity (Spitsberg, 2005).  Phospholipids in general have been the subject of a number of 

nutritional studies, which have suggested that their consumption may result in health 

related benefits (Imaizumi et al., 1992, Vesper et al., 1999, Van Hooijdonk et al., 2000, 

Ward et al., 2006, Hellhammer et al., 2010). In particular, in the milk fat globule 

membrane, the presence of sphingolipids and glycosphingolipids provides unique 

functionalities. While sphingolipids contain polar groups, such as choline, the 

gangliosides are further derivatized on their polar head with sugar molecules. These polar 

compounds are becoming recognized as molecules with important bioactivities (Vesper et 

al., 1999).  Although there are no required dietary amounts for sphingolipid consumption, 

it has been reported that they can provide significant health benefits. One example would 

be in the development of gut maturation (Oshida et al., 2003).  MFGM phospholipids 

have been shown to have anticarcinogenic properties, as there is experimental evidence 

on the inhibition of aberrant crypt foci in mice (Dillehay et al., 1994, Schmelz et al., 

1996).  Sphingolipids are hydrolyzed in the gastrointestinal tract to ceramide, 

sphingosine, and other metabolites that can modulate cell growth, differentiation, and 

apoptosis. Dietary sphingolipids suppress colon carcinogenesis; perhaps through their 

hydrolysis into bioactive metabolites (Schmelz et al., 1996) .Sphingosine is also 

associated with a number of cell-regulating pathways. It is a potent inhibitor of protein 

kinase C, which is closely associated with tumour progression and metastatic potential 

and can modulate the activity of other protein kinases and enzymes involved in cell 
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regulation (Parodi, 1997). Because ceramide and sphingosine participate in major 

antiproliferative pathways of cell regulation that suppress oncogenesis, they have been 

termed tumour suppressor lipids. (Parodi, 1999).  

Sphingomyelin metabolites, ceramide, sphingosine, etc., have also been shown to have 

biological functions such as cell differentiation, apoptosis, and immune recognition 

(Ward et al., 2006, Sanchez Juanes et al., 2009, Gallier et al., 2010).  In addition, it has 

been shown that consumption of dietary sphingolipids can reduce serum LDL-cholesterol 

in rats (Imaizumi et al., 1992), and that the sphingolipids from milk sources are more 

effective than those from egg (Noh and Koo, 2004). The molecules seem to compete with 

cholesterol for the loading of intestinal mixed micelles, lowering the cholesterol uptake 

from food, and ultimately causing a significant reduction of LDL cholesterol. 

Sphingomyelin has a high affinity for and preferentially interacts with cholesterol in cell 

and model membranes. The sphingomyelin-cholesterol interaction is presumably due to 

the ability of sphingomyelin to form a hydrogen bond between the amide group of 

spingomyelin and the hydroxyl group of cholesterol. The interaction of sphingomyelin 

with cholesterol is favored by the saturation of the spingomyelin acyl chain, whereas the 

presence of an unsaturated acyl chain introduces kinks, weakening the interaction. 

Milk sphingomyelin and other phospholipids with high affinity for cholesterol decrease 

its micellar solubilization, thereby decreasing the concentrations of cholesterol monomers 

for uptake by the enterocyte. Also, it is probable that the tighter molecular packing, as 

produced via interaction of sphingomyelin with cholesterol, may result in slower 

desorption of cholesterol and other lipids from the micellar matrix to the enterocyte. (Noh 
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and Koo, 2004). Furthermore, it has been reported that sphingomyelins can increase the 

level of serum HDL (Schmitt, 2009).  

Phosphatidylserine has also raised significant interest as an active component of 

nutraceuticals.  A substantial portion (15%) of the human brain phospholipid pool 

consists of phosphatidylserine (Cenacchi et al., 1993). As the brain ages, material is lost 

and replaced by inactive substances like cholesterol (Burling and Graverholt, 2008). The 

beneficial effects of phosphatidylserine on improved cognitive performance, decreased 

ageing-induced memory loss and as a stress release agent have been discussed (Burling 

and Graverholt, 2008; Helhammer et al., 2010). Suggested mechanisms of how 

phosphatidylserine enhances memory performance have centered around  its involvement 

in the maintenance of the neuron membrane and its promoting dendritic branching and 

neurotransmitter release (Helhammer et al., 2010). 

The unique composition of the  milk phospholipid fractions and the low cost of some of 

the sources (for example, buttermilk, a waste product of butter making) may offer some 

advantages in the manufacture of liposomes for the entrapment of bioactive compounds 

in food systems.  As previously mentioned, the increase in the availability of commercial 

fractions of milk phospholipids makes the development of functional ingredients for 

foods with added value, a distinct possibility.  Moreover, the unique composition of the 

milk phospholipid fraction (derived from the MFGM, 50% saturated, 35% 

monounsaturated and 15% polyunsaturated fatty acids) results in products with good 

oxidative stability.  In the case of food applications, therefore, liposomes prepared with 

milk phospholipids may provide a number of advantages over the more traditional soy 

and egg sources. Compared to the characterization of soy or egg-derived phospholipid 
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liposomes and their encapsulation behaviour for drug delivery, the information on the 

properties of milk phospholipids liposomes and their potential application in food 

systems are scarce. 

Thompson et al. (2006) showed that the liposomes prepared from MFGM phospholipids 

fractions were significantly different to those produced from soy phospholipids. These 

liposomes had a higher phase transition temperature, a thicker membrane (about 60 Å) 

and lower membrane permeability than soy liposomes (Thomson et al., 2006).  

Liposomes prepared with milk phospholipid dispersions have been characterized under a 

variety of conditions, including a range of pH, temperature and time combinations that 

correspond to storage and processing conditions, commonly encountered in the food 

industry (Thompson et al., 2006). In addition the properties and stability of the liposome 

dispersions produced from milk phospholipids have been compared to those produced 

from nonhydrogenated soy fractions, by measuring changes in average hydrodynamic 

diameter, peroxide value, and conjugated diene levels (Thompson and Singh, 2006). The 

milk phospholipid liposomes showed little change in the apparent size with pH and the 

dispersions were consistently more stable at all pH values during heating, compared to 

those prepared with soy phospholipids (Thompson et al., 2006). As mentioned above, the 

most significant difference between the phospholipid compositions of these two fractions 

is the high level of sphingomyelin present in the milk derived fractions. Sphingomyelin 

has a more structured gel phase than phosphatidylcholine, and sphingomyelin membranes 

seem to be more stable than phosphatidylcholine membranes (Thompson et al., 2006).  

In particular, milk phospholipids liposomes show better stability during storage at 

temperatures in the range 4-35°C compared to soy phospholipid liposomes. In addition, 
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the milk liposomes are less prone to physical aggregation during heating regimes typical 

of food processing (55°C to 141°C). This is of particular importance, when considering 

the use of the milk liposomes as delivery systems in food matrices. It has been shown 

that, if the heat treatments are carried out at pH levels near neutral, aggregation is limited, 

and that destabilization of milk phospholipids liposomes occurs at pH levels lower than 

those needed to destabilize soy liposome dispersions (Thompson et al., 2006). The milk 

liposomes have also been shown to be less prone to aggregation and/or fusion than soy 

phospholipid liposomes in buffers with added salt (Thompson et al., 2006); however, 

more work needs to be carried out in complex matrices, as the ionic strength and the 

presence of other components may affect their stability and permeability.   

The stability of the MFGM phospholipid liposomes can be attributed to the thicker 

bilayer and the different organization of the phospholipids in their bilayer compared to 

soy liposomes. It has also been hypothesized that these properties reduce permeability 

and improve encapsulation behaviour (Thompson et al., 2009). However, very few 

reports are available on this topic. Liposomes produced from the MFGM-derived 

phospholipids show significantly higher entrapment efficiencies for β-carotene and 

potassium chromate (hydrophobic and hydrophilic tracer molecules, respectively) than 

those measured for soy liposomes (Thompson et al., 2009).  

 

2.5. Conclusions and outlook 

As more information becomes available on the health benefits associated with the 

consumption of MFGM components, there will be an ever increasing incentive to use 

MFGM–derived phospholipids in formulations focused on delivery systems for foods. As 
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phospholipid fractions derived from the MFGM become commercially available in 

greater quantities, there will be an increased demand for these ingredients and studies on 

the stability of the liposomes prepared from these materials in relevant food matrices will 

become increasingly critical. As the number of opportunities to use liposomes in the food 

industry increases, from delivery systems to incorporation of bioactive molecules, 

antimicrobials or active ingredients, more research will be needed to better understand 

the differences in physico-chemical properties and encapsulation behaviour between the 

milk and other phospholipid sources, and more importantly, to understand their behaviour 

in relevant food matrices during processing and storage.  Liposome entrapment has been 

shown to stabilize the encapsulated materials against a range of environmental and 

chemical changes, including enzymatic and chemical modification, as well as buffering 

against extreme pH and temperature. They are biocompatible and biodegradable and 

because   of the natural composition of liposomes, overcoming regulatory hurdles should 

be readily attainable, and newly developed formulations could be quickly implemented. 

Liposomes have more versatile properties and less fragility than the other capsules made 

of lipid. They consist of one or more layers of lipids and thus are nontoxic and acceptable 

for food use.  Permeability, stability, surface activity and affinity can be varied through 

size and lipid composition variations. They can range from 25 nm to several microns in 

diameter, are easy to make and can be stored by freeze-drying and finally because of the 

unique structure both water soluble and lipid soluble compounds can be ncorporated into 

one single liposome. 

 In order to extend the utilization of liposomes, for food applications, future research has 

to focus on the production of the lipid vesicles through safe and scalable methods. The 
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rise of consumer awareness and their increasing preference for natural and healthy foods 

should give these milk MFGM-derived phospholipids a greater role in the field of 

nutraceutical delivery systems.   Also the elimination of non-food grade substances from 

the liposome preparation and utilizing phospholipids from milk sources will further 

enhance the acceptance of these nanovesicles. As a final point, the preparation of 

liposomes based on MFGM material would create an all-dairy ingredient for milk based 

products.  
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CHAPTER 3 

Encapsulation of Ascorbic acid in liposomes prepared with milk fat 

globule membrane –derived phospholipids 

 

This Chapter has been published in a slightly edited form in Dairy Science and 

Technology, as “Farhang, B., Kakuda, Y., Corredig, M. 2012. Encapsulation of ascorbic 

acid in liposomes prepared with milk fat globule membrane-derived phospholipids.  

92:4,353-366”. 

Abstract 

 

The production of nanoliposomes is considered to be an effective technology for the 

encapsulation and controlled release of nutraceuticals and bioactive compounds, as well 

as for enhancing their stability and bioavailability. Although liposomes are generally 

prepared with phospholipids from soy or egg, in recent years, there has been a growing 

interest in the health benefits and functional properties of milk fat globule membrane 

derived phospholipids, as these ingredients have become commercially available. The 

objective of this work was to characterize nanoliposomes prepared with milk 

phospholipids using microfluidization, and to evaluate their encapsulation behavior using 

ascorbic acid as a model biomolecule. Liposomes prepared by microfluidization with 

milk phospholipids showed an apparent diameter of about 100 nm. The incorporation 

efficiencies for ascorbic acid increased as the concentration of phospholipid-rich powder 

increased from 5% to 10% (w/w). However, from 10% to 16% (w/w), the incorporation 

efficiency reached a plateau value of 26%. There appeared to be a change in liposome 

structure from unilamellar to multivesicular/multilamellar vesicles with high levels of 



 36 

phospholipids (16%) and a high number of passes through the microfluidizer. Storage 

studies showed less stable dispersions when stored at pH 3 compared with pH 7. After 7 

weeks at 4°C, liposomes stored at pH 3 and pH 7 retained 67% of the ascorbic acid 

originally encapsulated, while only 30 % remained when the dispersions were stored at 

25°C. The present work demonstrated that, using microfluidization, it was possible to 

obtain small, unilamellar milk phospholipid liposomes stable at neutral pH and able to 

protect ascorbic acid for at least 7 weeks. 

 

 

3.1. Introduction 

Liposomes are lipid vesicles containing an aqueous core and a bilayer membrane 

composed of amphiphilic molecules (mostly phospholipids). The lipid bilayer in 

liposomes, allows the segregation of hydrophilic compounds within their aqueous core, 

and protects them from unwanted degradation or interactions with other components in 

the outer phase. The consumption of phospholipids themselves have been associated with 

several health benefits; dietary phospholipids have antioxidative activity, as well as 

antimicrobial and antiviral properties and there is evidence that the consumption of 

phospholipids can protect against gastric ulceration (Imaizumi et al., 1992; Vesper et al., 

1999; Van Hooijdonk et al., 2000; Ward et al., 2006; Hellhammer et al., 2010).  These 

findings have increased interest   in employing liposomes for encapsulation of functional 

components in food products (Larivière et al., 1991; Thompson et al., 2009). The 

potential uses of liposomes in the food industry ranges from protecting sensitive 

ingredients, to increasing the efficacy of food additives or confining undesirable flavours 
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(New, 1990; Taylor et al., 2005). However, most research has been reported on liposomes 

prepared with soy or egg-derived phospholipids (New, 1990; Lasic, 1993). The 

phospholipids from milk can be extracted from a number of by-products such as 

buttermilk or butter serum (Corredig et al. 2003; Rombaut et al. 2006). Only recently a 

new phospholipid extract from the milk fat globule membrane (MFGM) has become 

commercially available, and milk sources for these phospholipids have been suggested as 

a viable alternative to the more traditional soy or egg sources (Thompson and Singh, 

2006; Thompson et al., 2006).  

Since the MFGM derives from the mammary cell, its composition is similar to that of  

biological membranes, consisting of phospholipids, glycoproteins, neutral lipids, 

enzymes and other minor components (McPherson and Kitchen, 1983; Ward et al., 2006). 

In particular, milk phospholipids contain a high ratio of sphingolipids and 

glycosphingolipids to other phospholipids. Although there are no required dietary levels 

for sphingolipids, it has been reported that consumption of sphingolipids has significant 

health benefits, such as gut maturation (Oshida et al., 2003), and anticarcinogenic 

properties (Dillehay et al., 1994; Schmelz et al., 1996). In addition, it has been shown that 

consumption of dietary sphingolipids can reduce serum low density lipoprotein-

cholesterol in rats and increase serum high density lipoproteins (Imaizumi et al., 1992; 

Schmitt, 2009). In addition to sphingolipids, phosphatidylserine has also raised 

significant interest, because of its links to improved cognitive performance, stress release 

and decreased age-induced memory loss (Burling and Graverholt 2008; Helhammer et al. 

2010).  
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To prepare liposomes for food applications, it is necessary to employ techniques that will 

meet regulatory requirements, and do not involve the utilization of solvents. In particular, 

liposomes prepared by high pressure homogenization are of interest for the food industry, 

as their small size and substantial surface area provide unique functionalities to these 

colloidal particles. Indeed, structures in the nanometers scale have great potential, 

because of the large surface area available for interactions with target molecules and 

tissues.  In addition, the small size of nanoliposomes makes them less susceptible to 

physical destabilization.   

In order to prepare liposomes on a large scale for food applications, it is necessary to 

employ techniques that will meet regulatory requirements. The preparation methods of 

lipid vesicles generally involve the utilization of non food-grade solvents and detergents 

for the solubilization of the ingredients. These solvents not only affect the structure and 

activity of the entrapped substance, but will also remain in the final product and 

contribute to the toxicity and stability of the vesicles. Another important parameter in the 

application of encapsulation technology in the food industry is the scaling up of the 

preparation method at acceptable levels and costs. A method of liposome production 

without employing toxic solvents is the microfluidization technique. Microfluidization is 

based on the principle of dividing a pressure stream into two parts, passing each part 

through a fine orifice, and directing the flows at each other inside the chamber of the 

microfluidizer. Within the interaction chamber, cavitation, along with shear and impact, 

reduces the size of the particles. (Mozafari et al, 2008). Another advantage of the 

microfluidizer over other common techniques such as memberane extrusion and 

sonication, is that lab data is easily transferred to the processing plant, high 
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reproducibility can be achieved and it is considered to be the most useful method for 

large-scale production of liposomes. (Taylor et al, 2005). With the membrane extrustion 

technique, the liposomes must be held above the phase transition temperature to facilitate 

extrusion, manual extruders handle only small volumes (1 ml), solute leakage can occur 

during extrusion and high salt concentration (>150 mM) can preclude liposome 

formation.( Taylor et al ,2005). With the probe sonication method, the sample can 

undergo degradation by localized overheating and will require constant cooling. 

Liposomes made by probe sonication are metastable (low storage-stability).   Bath 

sonication requires extensive sonication to obtain small unilamellar liposomes, which is 

not always possible. Non-homogenous product is obtained and removal of larger vesicles 

via chromatographic or centrifugal methods is required. (Taylor et al, 2005). 

On the other hand, for food applications, liposomes prepared with milk phospholipids 

may provide a number of advantages over the more traditional soy and egg sources. 

Comparing the amount of literature on the characterization of soy or egg-derived 

phospholipid liposomes and their encapsulation behaviour for drug delivery (Lasic, 1993; 

New, 1994; Lasch et al., 2003; Zhang et al., 2005; Takeuchi et al., 2005), the information 

on the encapsulation properties of liposomes prepared with milk phospholipids and their 

potential for application in food systems is scarce (Thompson et al., 2006; 2009). As 

fractions of milk phospholipids derived from the milk fat globule membrane (MFGM) 

become more readily available, there will be an increased demand for these ingredients 

for the preparation of liposomal nanoparticles, and studies on the properties of these 

nanoparticles in relevant food matrices will become increasingly critical.  
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Therefore, the objective of this work was to evaluate the stability and encapsulation 

behaviour of small unilamellar liposomes prepared with milk phospholipids using 

microfluidization. Ascorbic acid (vitamin C) was used as a model hydrophilic molecule. 

Ascorbic acid is added extensively to food products for two different purposes: as a 

vitamin supplement and as an antioxidant. Ascorbic acid is very labile and can degrade 

rapidly, if not protected. It can degrade rapidly in food systems by a variety of different 

mechanisms. In the presence of oxygen, free-radical mediated oxidative processes 

produce a series of reactive intermediates .The processes are strongly catalysed by 

transition metal ions, especially iron and copper, leading to rapid destruction of 

ascorbate. Oxidation is also accelerated at neutral pH and above. Enzymic destruction is 

caused by a variety of enzymes abundant in plant material, the most common being 

ascorbate oxidase and ascorbate peroxidase. Reaction with proteins containing ε-amino 

acids can result in cross-linking of the proteins (Kirby et al., 1991). 

The present study examined the ability of milk phospholipid liposomes to efficiently 

encapsulate and protect ascorbic acid from degradation.   

 

 

3.2. Materials and methods 

3.2.1. Materials 

The milk phospholipids, derived from MFGM (NZMP Phospholipid Concentrate 700, 

stored vacuum-packed at –18 ºC) were donated by Fonterra (Fonterra Co-operative 

Group, Palmerston North, New Zealand). The composition of the phospholipid powder 

and the fatty acids composition, based on manufacture’s specification are shown in 
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Tables 3.1 and 3.2. The composition of the phospholipid classes in the phospholipid 

powder was confirmed by high-performance liquid chromatography–evaporative light 

scattering detector (HPLC–ELSD) after extraction with chloroform/methanol. The 

composition of the preparation was 31.3% phosphatidylcholine, 17% sphingomyelin, 9% 

phosphatidylethanolamine, and 3.4 % phosphatidylserine, which was close to the 

manufacture‘s specification. 

 In addition, Table 3.1 reports mineral composition data, as measured by atomic 

absorption spectroscopy at Laboratory Services (University of Guelph). The powder was 

rich in phospholipids, with 85% total lipids, as shown in Table 3.1. Ascorbic acid with 

99.6% purity was obtained from Fisher Scientific (Ottawa, ON, Canada). All other 

chemicals were of analytical grade and obtained from Fisher Scientific or Sigma-Aldrich 

Canada Ltd (Oakville, ON, Canada).  

 

3.2.2. Liposomes preparation 

For the encapsulation experiments, the milk phospholipids were dispersed in an aqueous 

buffer (20 mM imidazole, 50 mM sodium chloride, 0.02% sodium azide as a bacterostatic 

agent and 1% (w/w) ascorbic acid, pH 7.0).  The dispersion was mixed thoroughly using 

a Polytron mixer (Brinkmann Inst. Corp., Mississauga, ON, Canada) at 7000 rpm for 10 

min. The phospholipid dispersion was then cycled through a microfluidizer (model M-

110Y, Microfluidics Corporation, Newton, MA, USA) for 5 passes, unless otherwise 

indicated, with an input air pressure of 58 MPa (Thompson et al. 2006).   
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Table 3.1 Composition of milk phospholipid rich powder (based on manufacturer’s 

specification).  The phospholipid composition is based on total lipid, while moisture and 

ash are based on total solids.  

 

 

Total Lipids (% W/W) 85 

Phosphatidylserine (% W/W) 3 

Phosphatidylcholine (% W/W) 31 

Phosphatidylethanolamine (% W/W) 8.7 

Sphingomyelin (% W/W) 16.5 

Moisture (% W/W) 1.74 

Lactose Monohydrate (% W/W) 6.6 

Ash (% w/w) 

Minerals  (mg/g) 

Calcium  

Magnesium  

Phosphorus  

Potassium  

Sodium  

 8.3 

 

0.28 

0.055 

27 

17 

7.1 
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Table 3.2 Composition (% of lipid) of the major fatty acids present in the milk 

phospholipid rich powder (based on the Manufacturer’s specification). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FATTY ACID AMOUNT (%) 

Myristic Acid (14:0) 

 

5.4 

Palmitic Acid (16:0) 

  

20.9 

Palmitoleic Acid (16:1) 1.3 

Stearic Acid (18:0) 10.5 

Oleic Acid (18:1) 30.5 

Linoleic Acid (18:2) 4.3 

Linolenic Acid (18:3) 1.8 

Arachidonic Acid (20:4) 0.5 
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To study the effect of phospholipid concentration on the encapsulation efficiency of 

ascorbic acid, the dispersions were prepared with phospholipid-rich powder 

concentrations ranging from 5 to 16% w/w.  In this case, to produce liposomes with 

similar apparent diameters (about 100 nm), the number of passes through the 

microfluidizer was varied from 3 to 10 (higher concentrations required a greater number 

of passes to obtain 100 nm diameter vesicles). 

    

3.2.3. Quantification of encapsulated ascorbic acid  

Immediately following liposome preparation and after storage, the free (unencapsulated) 

ascorbic acid was separated from the liposomes containing the entrapped ascorbic acid 

using gel permeation chromatography.  Aliquots (2.5 mL) of the liposome dispersion 

were passed through a 10 × 150 mm Sephadex G-25 gravity fed PD-10 desalting column 

(GE Healthcare Bio-Sciences Corp, Piscataway, NJ, USA).  Imidazole buffer (20 mM 

imidazole, 50 mM sodium chloride, 0.02% sodium azide, pH7) was used as the mobile 

phase. The fraction containing liposomes was collected in the first 4 mL, and then the 

free ascorbic acid was eluted. Control runs were carried out with empty liposomes as well 

as with free ascorbic acid, to test the performance of the column. Encapsulation 

efficiency was determined as the ratio between the amount of ascorbic acid recovered in 

the liposome fraction and the initial amount of ascorbic acid in the original sample. The 

changes in encapsulation efficiency with storage were evaluated by measuring the 

amount of ascorbic acid recovered in the liposome fraction after storage, and calculating 

the ratio (amount after storage/amount initially present in the fresh liposome).  
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The concentration of ascorbic acid in fresh and stored liposomes was measured 

spectrophotometrically, based on MTT-formazan colorimetic assay, using the L-Ascorbic 

Acid Assay Kit  (Megazyme International Ltd, Wicklow, Ireland), following the 

manufacturer’s instructions. In the first sample aliquot, L-ascorbic acid and all the other 

reducing compounds were measured. In the second sample aliquot, L-ascorbic acid was 

selectively removed with ascorbic acid oxidase and all remaining reducing substances 

measured. The reaction involves the reduction of the tetrazolium salt MTT to a formazan 

compound which is measured spectrophotometically at 578 nm.  The difference between 

the first and second measurement is the quantity of L-ascorbic acid. It is important to 

point out that the test does not account for oxidized ascorbic acid.  

 

3.2.4. Liposome characterization 

The average apparent diameter of the liposomes was determined using dynamic light 

scattering (Nanosizer, Malvern Instruments Ltd, Worcestershire, UK).  The dispersions 

were diluted in imidazole buffer (20 mM imidazole, 50 mM sodium chloride, 0.02% 

sodium azide, pH 7) and a medium viscosity of 1.054 mPa s was used for the calculation 

of the size from the diffusion coefficient data.  The initial liposome particle size 

distribution was monomodal, and the average apparent diameter was measured over time 

during storage; any statistical deviation from the initial diameter was considered as 

primary stages of colloidal instability. 

Cryogenic transmission electron microscopy (Cryo-TEM) was employed to provide 

information on the microstructure of the liposome particles. The sample (4 μL) was 
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pipetted onto a quantifoil (Quantifoil Micro, Jena, Germany) grid with 2 μm holes. The 

excess sample was blotted off in a vitrobot (FEI), (Eindhoven, Holland) and immediately 

plunged into liquid ethane held at liquid nitrogen temperature.  The specimen was 

transferred under liquid nitrogen to a Gatan 626 Cryo holder (Warrendale, PA, USA) and 

viewed at -176°C in the Tecnai G2 F20 TEM (Eindhoven, Holland). Images are recorded 

with a Gatan 4K bottom mount CCD camera using the Gatan Digital Micrograph 

software.  

To determine the extent of lipid oxidation of the liposome dispersions, the peroxide value 

was measured using the IDF standard method (Shantha and Decker, 1994), with slight 

modifications, to remove the ascorbic acid. Aliquots of the whole liposome suspensions 

(0.3 mL) were first mixed with 2 mL of chloroform-methanol (7:3 v/v) on a vortex mixer 

for 4 s, and then 9 mL of water were added.  After mixing the suspension on a vortex 

mixer for 30 s, the samples were centrifuged at 4000 g, for 3 min (IEC Centra CL2 

centrifuge, Fisher Sci.). The extraction with 9 mL of water was repeated 3 times in total 

to ensure all ascorbic acid was removed. The determination of the peroxide values was 

then carried out as described in IDF method 74A:1991 (International Dairy Federation, 

1991), based on the co-oxidation of Fe(II) to Fe(III) by hydroperoxides and the formation 

of the red Fe(III)–thiocyanate complex  Absorbance was measured  at 500 nm (Shimadzu 

UV-260, Spectrophotometer, Mandel Scientific, Guelph, ON, Canada). The peroxide 

values are reported as meq peroxide/1000 g sample.   

 

3.2.5 Stability of liposome dispersions during storage  
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The stability of the liposomes stored at 4 and 25 °C was evaluated over a 7 week period. 

Prior to storage a set of the liposome dispersions were adjusted to pH 3, with HCl (6 N) 

and stored for 7 weeks.  In addition, another set of pH 7 liposomes was diluted 1:1 (v/v) 

with a 10% (w/v) dextrose solution and stored for 7 weeks. The liposome dispersions 

were assessed weekly by measuring changes in average hydrodynamic diameter, 

peroxide value and amount of ascorbic acid retained.    

 

3.2.6. Statistical analysis 

A minimum of 3 replicate determinations were performed for each experimental 

treatment. Results are reported as mean ± standard error of the mean for each treatment. 

All statistical analyses were conducted by excel (P < 0.05), using one- and two-way 

ANOVA (analysis of variance) where appropriate. Differences between treatments were 

identified using Tukey’s multiple comparison test (P < 0.05). 

 

3.3. Results 

3.3.1. Determination of liposome size and structure 

The apparent diameter of the liposomes prepared with varying concentrations of 

phospholipids (5, 8, 10 and 16% phospholipid-rich powder) was measured using dynamic 

light scattering (DLS).  All the liposomes dispersions showed a monomodal size 

distribution (Figure 3.1), and the average sizes are summarized in Table 3.3. A greater 

number of passes was required to obtain similar size liposomes as the concentration of 

the phospholipid increased. The encapsulation efficiencies were compared using 

liposomes with similar average diameters (~100 nm).  These samples were prepared by 
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passing the 5%, 8%,  10% and 16% phospholipid-rich powder samples through the 

microfluidizer 3x, 5x, 7x and 10x, respectively.    
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Figure 3.1 Size distributions of liposomes prepared with varying concentrations of milk 

phospholipid rich powder (5-16%), as measured using dynamic light scattering.  

Representative data of at least three replicate samples. 
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Table 3.3 Average apparent diameter (nm) as a function of phospholipid-rich powder 

concentration as well as the number of passes through the microfluidizer. Within a row, 

different letters indicate statistically significant differences (P<0.05). 

 

phospholipid-

rich powder 

concentration 

(w/w) 

1 pass 3 passes 5 passes 7 passes 10 passes 

5%  109 ±0.5
a
  92±0.4

b
  88±0.3

c 
 N/A N/A 

8%  115±0.5
a
  106±0.8

b
  97±0.4

c
  N/A N/A 

10%  124 ±0.5
a
  119±0.5

b
  114±0.6

c
  104±0.7

d
  N/A 

16%  130 ±0.2
a
  124±0.6

b
  120±0.2

c
  117±0.9

d 
 105 ±0.8

e
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The prepared liposomes were about 100 nm in diameter and unilamellar. Electron 

microscopy confirmed the size measured by DLS, although liposomes smaller than 100 

nm were visible in the micrographs.  The apparent discrepancy between the two 

techniques is likely due to the nature of the light scattering measurement, as light 

scattering is sensitive to larger size droplets. Figure 3.2 shows a representative Cryo-

TEM image of the phospholipid liposomes prepared with ascorbic acid. Cryo TEM was 

applied to only two concentrations (10 % and 16 % w/w) of phospholipid rich powder 

samples. 

 

3.3.2. Encapsulation of ascorbic acid  

The amount of ascorbic acid encapsulated was measured immediately following liposome 

preparation. The liposomes were separated from the ascorbic acid present in solution, 

using column chromatography. After separating the liposomes, their size was measured 

using DLS and the amount of entrapped ascorbic acid was measured as described above. 

The average apparent diameter of the liposomes did not change with the separation, and 

remained about 100 nm, and the distribution was monomodal. The encapsulation 

efficiencies calculated for the liposomes prepared with varying phospholipid-rich powder 

concentrations are shown in Figure 3.3. There was a clear proportionality of the amount 

of ascorbic acid entrapped and the volume fraction of the liposomes, up to 10% 

phospholipid-rich powder concentration.  After that, the encapsulation efficiency reached 

a plateau. The reason for this plateau can be found in the different structure of the 

liposomes prepared with 16% milk phospholipid rich powder.   
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Figure 3.2 Cryo-TEM micrograph of nanoliposomes containing ascorbic acid prepared 

with milk-derived phospholipids (10% w/w powder) in 20 mM imidazole 50 mM NaCl 

buffer, using 7 passes through the microfluidizer.  The 100 nm vesicles are clearly visible 

but liposomes smaller than 100 nm are also present in the micrograph.  Bar size is 100 

nm 
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Figure 3.3 Encapsulation (% of total) of ascorbic acid in liposomes as a function of the 

milk phospholipid-rich powder concentration.Values are the average of three independent 

experiments with standard error. 
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To determine if there were differences in the structure of the liposomes prepared with 

16% milk phospholipid-rich powder, compared to those prepared at a lower concentration 

(see Figure 3.2), Cryo-TEM was also performed on the liposomes prepared with 16% 

phospholipid (Figure 3.4). These liposomes were passed 10 times through the 

microfluidizer, to obtain a comparable size to those prepared with a lower concentration 

of phospholipids (see Table 3.3).  The electron microscopy analysis suggested that at the 

high concentration of phospholipids, the liposomes had different structural features, with 

more multi-vesicles and multilamellar liposomes compared to the suspensions prepared 

with a lower amount of phospholipids. 

All experiments on the stability of encapsulated liposomes were then conducted on 

unilamellar, small liposomal dispersions prepared with 10% milk phospholipid-rich 

powder. These liposomes showed an encapsulation efficiency of 26%± 0.5 in the fresh 

samples (see Figure 3.3).   

 

3.3.3. Effect of environmental conditions (pH, temperature and sugar concentration) 

on storage stability of the liposomes 

The changes in the apparent size of the liposomes were monitored during storage at two 

temperatures (4 and 25ºC), two pH values (pH 3 and pH 7) and in the presence of 5% 

sugar. Figure 3.5 illustrates the effect of pH, temperature and storage time on the average 

diameter of the liposome dispersions prepared with milk phospholipids containing 

ascorbic acid.  All dispersions showed a stable particle size over storage time, except for 

those stored at pH 3.  At pH 3, the vesicles showed an increase in the apparent diameter, 

caused by the appearance of a small population of larger vesicles.  
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Figure 3.4 Cryo-TEM micrograph of nanoliposomes containing ascorbic acid, prepared 

with milk phospholipid rich powder (16% w/w) in 20 mM imidazole 50 mM NaCl buffer, 

using 10 passes through the microfluidizer. Bar size is 200 nm. 
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Figure 3.5 Changes in apparent diameter of liposomes with entrapped ascorbic acid 

during storage at (A) 4ºC and (B) 25ºC for 7 weeks. Vesicles were stored at pH 3 

(circles), pH 7 (squares) and at pH 7 in the presence of 5% dextrose (triangles). Values 

are the average of three independent experiments and bars represent the mean error.  
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The change in size for the pH 3 liposomes has to be taken simply as an indication of 

fusion of the vesicles, as measurements of size using light scattering would no longer be 

accurate because of physical instability.  

The amount of ascorbic acid recovered over time under different storage conditions was 

also measured for 7 weeks, and the results are summarized in Figure 3.6. The 

encapsulation resulted in an increase in the stability of the ascorbic acid. In control 

experiments with free ascorbic acid, after 2 days, the amount of ascorbic acid remaining 

in vials stored at 4ºC and room temperature were 57±4% and 36±5% respectively.  The 

same samples showed 28±3% and 4.3±1% residual ascorbic acid when stored for one 

week at 4ºC and room temperature, respectively. 4.5±1% ascorbic acid was recovered in 

the unencapsulated samples stored for 2 weeks at 4ºC. In all cases, there was a decrease 

in the amount of ascorbic acid recovered within the liposomal core, and the degradation 

was faster when the liposomes were stored at 25ºC compared to 4ºC.  In addition, in spite 

of the lower physical stability of the liposomes stored at pH 3 compared to pH 7, the loss 

of ascorbic acid seemed to be similar.  On the other hand, there was a steeper decrease in 

the amount of ascorbic acid recovered in the liposomes when these liposomes were stored 

in the presence of dextrose. These results suggested that the liposomes were affected by 

osmotic pressure changes.   

To better understand the effect of storage on oxidative degradation of the liposome 

suspension, the peroxide value was measured during storage, as shown in Figure 3.7. At 

4ºC the peroxide values remained low for 3 weeks of storage, under all conditions, and 

then increased over the next 4 weeks (Figure 3.7A).    
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Figure 3.6 Amount of ascorbic acid remaining in liposomes as a function of time during 

storage at (A) 4ºC and (B) 25ºC for 7 weeks. Vesicles stored at pH 3 (circles), pH 7 

(squares) and in the presence of 5% dextrose (triangles). Values are the average of three 

independent experiments and bars represent the mean error.  
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Figure 3.7 Peroxide values measured in liposome dispersions containing ascorbic acid as 

a function of time during storage at (A) 4ºC and (B) 25ºC for 7 weeks.  Vesicles stored at 

pH 3 (circles), pH 7 (squares) and at pH 7 in the presence of 5% dextrose (triangles). 

Values are the average of three independent experiments and bars represent the mean 

error. 
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On the other hand, when stored at a higher temperature (25ºC, Figure 3.7B), the peroxide 

values increased after 1 week of storage for samples stored at pH 3, while samples stored 

at pH 7 showed a lower extent of oxidation.   

 

3.4. Discussion 

Increasing the number of passes through the microfluidizer showed a statistically 

significant decrease in the size of the phospholipid liposomes (p<0.05), as previously 

reported (Thompson et al., 2006; Thompson and Singh, 2006). Increasing the size of 

liposomes by increasing the phospholipid concentration can be explained by the 

mechanism of liposome formation; by increasing the phospholipid concentration a longer 

bilayer fragment might be made and self-closure of longer bilayered fragments can result 

a larger liposome.   The liposomes formed in the presence of ascorbic acid looked 

identical to empty liposomes, in terms of size and lamellarity (Figure 3.2), and when 

compared to those shown in the  literature.  In the range between 5 and 10% 

phospholipid-rich powder, increasing the phospholipids concentration increased the 

ascorbic acid entrapment; however, at higher concentrations, there was no further 

increase in the encapsulation efficiency (Figure 3.3).  These results are inconsistent with 

the expectation that the encapsulation efficiency is directly proportional to the 

concentration of phospholipid in the dispersed phase (Thompson et al., 2009).  It was 

therefore hypothesized that, in the case of small phospholipid vesicles prepared with 

microfluidization, there is a limit to the volume fraction of colloidal particles that can be 

formed during the collisions in the microfluidizer; and at the higher concentrations, small 
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unilamellar vesicles can no longer be obtained. Hence, the excess phospholipids are 

utilized to create multilayered membranes.  

This hypothesis was confirmed by analyzing Cryo-TEM images. Electron microscopy 

observations of liposomes prepared with 16% phospholipid-rich powder (w/w), after 10 

passes through the microfluidizer revealed that these specimens showed a higher number 

of vesicles with an altered overall structure, and with sizes around 200 nm (Figure 3.4). 

Although some unilamellar vesicles were still present (Figure 3.4) there was a greater 

percentage of liposomes with multi-vesicular and multilamellar structures compared to 

the images shown in Figure 3.2. In addition there were quite a few liposomes > 100 nm, 

which was the average apparent diameter, as measured by DLS (Table 3.3).  The 

distribution of the liposomes was still monomodal when measured by DLS. The change 

from small unilamellar to larger unilamellar and multilamellar liposomes observed with 

16% milk phospholipids has never been reported in the literature and indicated a feature 

unique to microfluidized liposomes, whereby above a critical phospholipids 

concentration the vesicles formed are no longer unilamellar.  This explained the plateau 

values for encapsulation efficiency reached at high phospholipids concentrations (Figure 

3.3). 

The maximum encapsulation efficiencies obtained in the present work were 26 ± 0.5% 

and significantly lower than those reported by Kirby et al. (1991). The source of the 

discrepancy derives from the method of preparing the liposomes. In the study by Kirby et 

al. (1991) a maximum of 50% encapsulation was reported for liposomes containing egg 

phosphatidylcholine together with cholesterol and -tocopherol. However, in this case, 

large multilamellar liposomes were formed using a dehydration/rehydration method.  On 
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the other hand, the encapsulation efficiencies reported in the present work are in 

agreement with those shown in previous research using microfluidization to prepare milk 

derived phospholipid liposomes (Thompson et al., 2009). 

The storage stability of small unilamellar liposomes prepared with milk phospholipids 

was followed either at 4 or 25ºC and under three model conditions, pH 3, pH 7 or in the 

presence of 5% dextrose solution.  For this part of the study, a suspension prepared with 

10% phospholipid-rich powder was studied, as it yielded a high encapsulation (26%) and 

the liposomes were unilamellar in nature. There were no significant differences (P>0.05) 

in the observed average diameter over 7 weeks in all samples stored at pH 7, with or 

without 5% sugar. On the other hand, the samples stored at pH 3 clearly showed colloidal 

destabilization over time. The low pH decreased the net charge   on the phospholipid 

molecules, increasing their ability to coalesce upon collision.  Temperature also had an 

effect, as the liposomes stored at 25ºC (Figure 3.5b) destabilized faster than those stored 

at 4°C (Figure 3.5a).  The apparent size distribution was no longer accurate due to visible 

phase separation of these samples, and the aggregation noted in Figure 3.5 has to be taken 

as an indication of colloidal instability. 

There was visible phase separation in the liposome suspensions stored at pH 3 and 25ºC, 

and the physical destabilization (thickness of the dispersion and gel formation) was most 

probably the cause of the high values of peroxides measured under those conditions 

(Figure 3.7B).  However, when looking at the amount of ascorbic acid still recovered in 

the liposomes remaining, it seemed clear that the liposomal core protected ascorbic acid 

from rapid loss.  In general, there were lower losses of ascorbic acid (as well as lower 

peroxide values) during storage at 4ºC compared to 25ºC.    
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Unencapsulated ascorbic acid, stored in buffer solution, was completely degraded after 1 

or 2 weeks of storage at 25 or 4ºC, respectively (data not shown). The rapid loss of 

unencapsulated ascorbic acid was also consistent with earlier reports (Kirby et al. 1991), 

who showed complete loss of free ascorbic acid after 18 days refrigerated storage and 6 

days at room temperature.  Figure 3.6 shows that amongst the three experimental 

treatments, the highest losses of ascorbic acid were incurred in the presence of 5% sugar. 

These results suggest that in the presence of sugar, the osmotic balance was shifted and 

ascorbic acid diffused out of the core. The losses once again were higher during storage 

at 25ºC compared to 4ºC.  

While the losses of encapsulated ascorbic acid occurred right from the start, a secondary 

destabilization occurred later, as indicated by the peroxide values (Figure 3.7).  While at 

4°C the rate of peroxide formation increased only after week 3 (Figure 3.7A), at 25°C the 

losses were very rapid.   Hence, oxidation of the lipids and not only physical stability 

needs to be controlled when formulating milk phospholipid liposomes.  

 

3.5. Conclusions 

Ascorbic acid was successfully encapsulated in liposomes prepared with milk-derived 

phospholipids by microfluidization, without applying any solvent.  Based on our current 

knowledge, the stability of the encapsulated hydrophilic compounds into MFGM 

liposomes had never been studied before. This study indicates that small, unilamellar 

MFGM liposomes made by microfulidizer and without applying any solvent 

(conventional method) were stable at neutral pH for at least 7 weeks. The values of 

encapsulation efficiency reached a plateau at a concentration of milk phospholipid-rich 

powder of 10%, and at higher concentrations small multi-vesicular and multilamellar 
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vesicles are formed .After storage for 7 weeks at 4°C and pH 7, 67% of the original 

encapsulated ascorbic acid was still retained. The liposomes showed lower stability at pH 

3 than at pH 7, and they showed an increased permeability when stored in 5% sugar 

solutions.  

As more information becomes available on the health benefits associated with the 

consumption of MFGM components, the advantages of using milk phospholipids derived 

from the MFGM in formulation of delivery systems for foods become more apparent. 

More research is needed to better understand the differences in physico-chemical 

properties and encapsulation behaviour between the MFGM- and other more established 

liposome systems, such as those prepared with egg and soy phospholipids.  In addition, it 

is increasingly important to understand if the small unilamellar milk phospholipid 

vesicles prepared with methods such as microfluidization are a suitable delivery platform.    
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CHAPTER 4 

Encapsulation of hydrophobic compounds in liposomes prepared with 

milk phospholipids 
 

 

Abstract 

Based on our previous study involving the encapsulation of a hydrophilic compound 

within MFGM liposomes and their high stability during prolonged storage, the objective 

of this work was to evaluate the stability of unilamelar MFGM liposomes, prepared by 

microfluidization and also multilamellar MFGM liposomes when hydrophobic 

compounds such as β-carotene, Coenzyme Q10 and Vitamin D3 were incorporated.   The 

hydrophobic compounds were incorporated with the heat method, a new method that 

eliminates the use of non food grade solvents.  After the incorporation of hydrophobic 

compounds, the sizes of the liposomes were significantly larger than the empty 

liposomes. After one day storage at 4°C, all unilamellar liposome dispersions with 

incorporated β-carotene, Coenzyme Q10 or Vitamin D3 underwent a phase separation, 

indicating that the hydrophobicity of the different bioactive compounds and their 

incorporation into the bilayer destabilized the liposomes.  To better understand this 

phenomenon; the same heating method was used to mix the hydrophobic compounds 

with the phospholipids but the microfluidizer was replaced with a Polytron. 

Homogenization of the dispersion by Polytron produced large multilamellar liposomes 

unlike the small unilamellar liposomes produced by microfluidization.  These 
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multilamellar liposomes were stable and did not show any phase separation when stored 

for 4 weeks at 4°C.  With unilamellar liposomes, the structure and the dregree of 

hydrophobicity were not important factors as all three hydrophobic compounds produced 

unstable liposomes. Also when the mixing procedure (heating method) was replaced with 

the conventional solvent (chloroform) method to maximize the contact between the 

phospholipids and the hydrophobic compounds, there was no improvement in storage 

stability when the microfluidizer was used to prepare unilamellar liposomes.  Structural 

changes, localization of the hydrophobic compounds, formation of dynamic domains and 

phases in the lipid bilayers may have been brought about by the change from uni to multi-

lamellar liposomes.    Microfluidization, with the formation of small unilamellar vesicles, 

may not be the best procedure to incorporate hydrophobic compounds into liposomes; 

however the multilamellar liposomes showed greater stability and capacity to incorporate 

small hydrophobic compounds. Therefore multilamellar liposomes prepared by a food 

grade method without applying any solvent can be used for incorporation of hydrophobic 

compounds and still maintain good storage stability.   

 

4.1. Introduction 

Liposomes are lipid vesicles containing an aqueous core and a bilayer membrane 

composed mostly of phospholipid molecules.  Liposomes  have unique properties  due to 

their unique structure and compared to other delivery systems,such as emulsion droplets, 

liposomes can carry and compartmentalize both water and lipid soluble bioactive 

compounds within a single vesicle (Lasic, 1993, Brgles et al., 2008).  
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To prepare liposomes for food applications, it is necessary to employ techniques that will 

meet regulatory requirements, and not involve the utilization of solvents. In particular, 

liposomes prepared by high pressure homogenization are of interest to the food industry, 

as their small size and substantial surface area provide unique functionalities. Research 

has been reported on the incorporation of different bioactive compounds in liposomes, 

prepared with soy or egg phospholipids  (see for example, Basu and Basu, 2002, Lee et 

al., 2002, Taylor et al., 2007) and less on milk phospholipid liposomes (Thompson and 

Singh, 2006). In particular, model hydrophobic compounds (β-carotene) have been 

encapsulated in liposomes prepared with milk phospholipids (Thompson et al., 2009). 

These liposomes show significantly higher entrapment efficiencies for β-carotene than 

soy phospholipid liposomes, particularly at low ratios of β-carotene to phospholipid. The 

improved incorporation efficiency was attributed to the favourable partitioning of the 

molecule between the aqueous phase and the phospholipid membrane, a property which 

depends on the specific composition of the phospholipid material (Thompson et al., 

2009). 

Previous research (Chapter 3; Thompson et al., 2009) demonstrated that it is possible to 

produce milk phospholipid liposomes by microfluidization and to encapsulate 

hydrophilic molecules. Small unilamellar liposomes with a narrow particle size 

distribution can be obtained, and the encapsulated material is preserved during storage. 

Although reports are available on the encapsulation behavior of hydrophilic and 

hydrophobic compounds (Thompson et al., 2006; 2009), the colloidal stability of the 

incorporated liposomes has never been reported.  
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The objective of this study was to determine the ability of milk phospholipid liposomes to 

incorporate hydrophobic compounds, with particular focus on small unilamellar 

liposomes prepared using microfluidization. Different model hydrophobic compounds 

were tested, namely, coenzyme Q10, vitamin D3 and β-carotene . These compounds have 

different molecular weights and different hydrophobic groups, therefore it was expected 

that different encapsulation behavior would be obtained. β-carotene is very non polar, 

while coenzyme Q10 and Vitamin D3  have  polar and non polar groups ,therefore less 

hydrophobic compared to β-carotene.  As well, Q10 has a long hydrophobic tail and 

vitamin D3 is smaller than Q10 and β-carotene and therefore it was expected that the 

greatest effect on the bilayer structure and consequently the stability of the liposome 

would be caused by β-carotene. In this study the stability of small unilamellar liposomes 

was compared to that of multilamellar liposomes.  

 

4.2. Materials and methods 

4.2.1. Materials 

The milk phospholipids were obtained from New Zealand Milk products. Their 

composition can be found in Tables 3.1 and 3.2. A 95% β-carotene powder, 98 % 

Coenzyme Q10 (HPLC) and Vitamin D3 (Cholecalciferol) were purchased from Sigma 

Aldrich (St. Louis MO, USA).  

Figure 4.1 shows the chemical structures of the hydrophobic model molecules used in 

this study, namely, β-carotene, Coenzyme Q10 and Vitamin D3. 

All other chemicals were of analytical grade and obtained from Fisher Scientific or 

Sigma-Aldrich Canada Ltd (Oakville, ON, Canada).  
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4.2.2. Preparation of liposomes   

The conventional procedure for incorporating lipophilic compounds into liposomes is to 

disperse the phospholipid and β-carotene mixture in solvent, usually chloroform, and then 

evaporate the solvent to form a thin-film.  This thin-film method is not suitable in solvent 

free formulations, such as those required in food systems. Hence, an alternative 

procedure was employed, whereby hydrophobic compounds were incoroporated in a 

phospholipid melt by heating the mixture.  

All liposomes were prepared as follows, unless otherwise indicated. -carotene (15 mg) 

was added to 10 g milk phospholipid rich powder. Considering the total amount of 58.5 

% phospholipid in the powder (see table 3.1 in Chapter 3), and the average molecular 

weight of 800 g/mole for phospholipids, the molar ratio of -carotene to phospholipids 

was calculated to be 0.004. 

These concentrations were selected as they gave a ratio close to those reported in the 

literature.  Our ratio was higher than that reported by Thompson et al. (2009), and lower 

than that reported by others (see for example, Lee et al., 2002; Liu and Park, 2009).  A 

low molar ratio (0.004) of hydrophobic compound (i.e. -carotene) to phospholipids was 

employed in an attempt to minimize any possible effects that could destabilize the 

bilayer, because in the present work no solvent was employed. To prepare liposomes 

containing CoQ10 or Vitamin D3, the amounts added were 24.1 and 10.73 mg 

respectively, inorder to maintain the molar ratio at 0.004 (hydrophobic 

compound/phospholipid)  which was   comparable to that of -carotene  
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Figure 4.1 Chemical structures of β-carotene, Vitamin D3 and Coenzyme Q10 
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The mixtures were then heated to approximately 80ºC on a hot plate with constant 

stirring (2-3 min). Immediately after, a buffer (3 mL) consisting of 0.02 M imidazole, 

0.05 M NaCl, at pH 7 was added. The buffer contained 0.02% sodium azide as 

bacteriostatic. The mixture was continuously stirred until the phospholipid formed a 

paste. Additional imidazole buffer (about 87 mL) was added to a final concentration of 

10% phospholipid, and stirred on a magnetic stirrer for 30 min. After cooling, the mixture 

was then prehomogenized with a Polytron mixer (Brinkman Instruments, Mississauga, 

ON, Canada) at 7000 rpm for 1-2 min, and then cycled through a M-110Y Microfluidizer 

(Microfluidics Corporation, Newton, Massachusetts) for 7 passes with an input pressure 

of 58 MPa.  

Empty liposomes were also prepared for comparison with liposomes with encapsulated 

hydrophobic compounds. Empty liposomes were prepared by mixing 10 g of milk 

phospholipid rich powder in an aqueous buffer (20 mM imidazole, 50 mM sodium 

chloride, 0.02% sodium azide as a bacterostatic agent to obtain 10% phospholipid 

dispersion.  The dispersion was then further processed as described above.   

Multilamellar liposomes were also prepared with encapsulated hydrophobic compounds 

(Vitamin D3, Coenzyme Q10 and β-Carotene) using the same procedure described above, 

i.e., heat treatment,  stirring with the magnetic stirrer for 30 min, and  homogenization 

with a Polytron mixer (Brinkmann Instruments, Mississauga, ON, Canada) at 7000 rpm 

for 5 min.  

In a separate experiment, chloroform was employed to prepare β-carotene liposomes, to 

test their size and stability compared to those prepared with heating. (See Chapter 5, 

Section 5.2.2 for the method of preparation).  
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4.2.3. Determination of average diameter of liposomes and storage stability 

The average apparent diameter of the liposomes was determined using dynamic light 

scattering (Nanosizer, Malvern Instruments Ltd, Worcestershire, UK).  The dispersions 

were diluted in imidazole buffer (20 mM imidazole, 50 mM sodium chloride, 0.02% 

sodium azide, pH 7) and a medium viscosity of 0.001054 Pa s was used for the 

calculation of the size from the diffusion coefficient data.   

In addition to deviations from the original size distribution, the storage stability of the 

liposome at 4°C was assessed by measuring changes in their average hydrodynamic 

diameters. Any statistically significant deviation from the initial size distribution was 

considered an indication of instability. 

 

4.2.4. Statistical analysis 

At least 3 replicate samples were prepared for each experimental treatment. Results are 

reported as mean ± SEM (standard error of the mean) for each treatment. All statistical 

analysis was conducted by excel and a significant level of P < 0.05, using one-way 

ANOVA (analysis of variance) testing, where appropriate. Differences between 

treatments were identified using Tukey’s multiple comparison testing (P < 0.05). 

 

4.3. Results and discussion 

4.3.1. Effect of encapsulation on liposome size and colloidal stability  

Control liposomes, in the absence of hydrophobic compounds showed an average size of 

100 nm, and were stable over time, in agreement with previous published work 

(Thompson et al., 2009; Farhang et al., 2012).  
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Table 4.1 illustrates the average size of the vesicles prepared with milk phospholipids, 

and containing CoQ10, Vitamin D3 and β-Carotene.  All the liposomes encapsulating 

hydrophobic compounds showed statistically larger sizes compared to control liposomes. 

In a separate study, it was shown that the encapsulation efficiency for β-carotene, used as 

a model system, in liposomes prepared using this methodology, was >90% (see Chapter 

5).  Liposomes with Vitamin D3 and CoQ10 showed statistically equivalent sizes and 

were significantly smaller than those with β-Carotene (Table 4.1). All liposomal 

formulations showed a narrow size distribution (Figure 4.2), but those prepared with 

CoQ10 and Vitamin D3 seemed to have a wider distribution than those prepared with -

carotene. Empty liposomes also show similar size distributions to those of CoQ10 and 

Vitamin D3. These results are in agreement with previous investigations which have 

reported liposomes containing CoQ10 with sizes of less than 200 nm (Lee and Tsai, 

2010, Verma et al., 2007; Xia et al., 2006).  However, it is important to note that previous 

investigations did not employ microfluidization as a method of preparation, but 

sonication or extrusion.   

Previous investigations have suggested that the presence of a hydrophobic compound in 

the bilayer may alter the size of the liposomes. For example, it has been shown that 

Vitamin E is located in the hydrophobic shell (Lee and Tsai, 2010) near the membrane 

surface (Urano et al., 1992), and causes an increase in the liposome size.   Results shown 

in Table 4.1 clearly demonstrate that the hydrophobic compounds incorporated in the 

membrane bilayer prepared by microfluidization affected the size of the liposomes.  
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Table 4.1 Average diameter measured by dynamic light scattering for liposomes loaded 

with various hydrophobic compounds. Values are the average of three independent 

experiments with standard deviation. Different letters represent significant differences at 

p<0.05. 

 

 Diameter (nm) 

Empty Liposomes 100±1 
a
 

β-carotene  178±17 
c
 

Vitamin D3 110±3
b
 

CoQ10 113±2
b
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Figure 4.2 Size distributions of freshly prepared liposomes, loaded with hydrophobic 

compounds. Empty liposomes are also shown as a reference.  Representative data of at 

least three replicate samples. 
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Liposomes containing -Carotene showed a larger average apparent diameter compared 

to those those prepared with CoQ10 or vitamin D3, and this difference may derive from 

the expansion of the bilayer. However, it is important to note that the distribution was 

monomodal for all the liposomes (Figure 4.2).    

The larger size of liposomes containing -carotene, compared to other hydrophobic 

molecules, may be attributed to a number of factors, including orientation of the molecule 

or low solubility in the bilayer. Indeed, the orientation of the nonpolar β-carotene in the 

lipid bilayer has not been fully elucidated (Wisniewska et al., 2006). It has been 

previously reported that β-carotene molecules are randomly distributed in the 

hydrocarbon interior of carotenoid-egg phosphatidylcholine liposomes without any 

preferential orientation, and that the molecules retain a substantial degree of mobility 

within the liposome bilayers (Andreeva and Papova, 2010). Indeed, various β-carotene 

orientations have been reported (van der Ven et al., 1984): parallel to the membrane 

surface, perpendicular to the membrane surface and with both orientations (Wisniewska 

et al., 2006). The orientation of -Carotene may be responsible for the increase in vesicle 

size. This may not be the case for Vitamin D3 and CoQ10 molecules, which have polar 

groups that will contribute to a preferred orientation toward the inner and outer surface of 

the bilayer, resulting in a more uniform packing. These results clearly suggest the need 

for further investigations in this area, especially related to possible changes in 

permeability of the bilayer due to the inclusion of these hydrophobic molecules. 

-carotene may also be particularly challenging to incorporate, as it has low solubility in 

lipid bilayer membranes (Wisniewska et al., 2006). It has been reported that the mole 

fraction of maximum solubility of carotene in a bilayer is approximately 1 mol%, but 
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at concentrations > 0.5 mol %, β-carotene may start to crystallize out in the aqueous 

buffer (Kennedy & Liebler, 1992; Wisniewska et al., 2006). 

Another reason for the difference in size between the liposomes prepared with different 

hydrophobic compounds may be related to the method of preparation.  Heating the β-

carotene and phospholipid mixture may not be sufficient to efficiently mix and pack the 

molecules but is sufficient for Vitamin D3 or Coenzyme Q10.   A separate set of 

experiments was carried out to evaluate the size distribution of liposomes prepared with 

milk phospholipids and β-carotene using chloroform, to improve the dispersion of the 

hydrophobic molecules in the phospholipid mixture.  The size of the liposomes was 

significantly smaller than the β-carotene liposomes made with the heat method (120±2 

nm) but not significantly different than Vitamin D3 or Coenzyme Q10 liposomes, and 

their distribution was monomodal (data not shown). The results led to the conclusion that 

the larger apparent average diameter of -carotene loaded liposomes was due to poor 

solubilization of -carotene in the bilayer and to the orientation of the molecules within 

the bilayer.   

 

4.3.2. Stability of the liposome dispersions 

Liposome suspensions were stored at 4ºC and the stability assessed visually as well as 

using light scattering. The particle size was measured after storage. Deviations from the 

original size distributions were taken as an indication of instability, due to physical 

disruption (see below).  While control liposomes showed long term stability, confirming 

the results shown in Chapter 3, the liposome dispersions containing hydrophobic 

molecules showed visible phase separation after one day of storage at 4°C. Figure 4.3 
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illustrates the representative distributions for control liposomes as well as liposomes 

prepared with CoQ10, Vitamin D3 and -carotene after 1 day of storage. The control 

liposomes showed a monomodal distribution of sizes even after 7 weeks (see also 

Chapter 3), while the liposomes containing hydrophobic compounds showed the 

appearance of aggregates after 1 day of storage (Figure 4.3).  It is important to note that 

all the liposomes prepared by microfludization and containing hydrophobic compounds 

showed instability during storage by visual observation (phase separation) and by light 

scattering. Figure 4.3 clearly demonstrates the appearance of larger particles in the 

samples after just one day of storage.  Only the control samples, empty liposomes without 

hydrophobic compounds, showed stability over time.  These results suggest that this is a 

general effect and not specific to one type of hydrophobic compound.  

Surprisingly, samples prepared with chloroform and containing -carotene, although 

similar in size to the control samples, also showed instability after one day of storage at 

4°C (data not shown). These samples showed visible phase separation indicating that the 

instability was not due to the solvent free method of preparation.  It was hypothesized 

that the method of preparation, using microfluidization, may be the cause of the physical 

instability of the liposomal dispersions. Unfortunately supporting evidence in the 

literature on the instability of liposomal formulations with hydrophobic compounds 

prepared by microfluidization is scarce. However in one report, liposomes containing 

CoQ10 were shown to be stable during storage at 4°C but these liposomes were prepared 

using other methods (Xia et al., 2006). 
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Figure 4.3 Size distributions of liposomes, loaded with hydrophobic compounds after 1 

day storage at 4°C. Empty liposomes are also shown as reference. Representative data of 

at least three replicate samples. 
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The methodologies and formulations reported in the literature to incorporate hydrophobic 

compounds in liposomes of submicron sizes are often quite complex. For example, in a 

study for incorporation of CoQ10, ethanol injection and sonication were employed to 

prepare the liposomes and high stability was reported by using cholesterol and Tween 80 

in the liposomal formulation (Xia et al., 2006). Cholesterol, by interacting with the fatty 

acids in the phospholipid via hydrogen bonding, increases the cohesiveness and 

mechanical strength of the bilayer membranes (Were et al., 2003; Xia et al., 2006).  

Therefore by using appropriate reagents it should be possible to improve the steric 

stability of the entrapped CoQ10. As an example, the inhibition of fusion or aggregation 

of the nanoliposomes during storage was achieved by using a formulation which included 

a polymer coat (Xia et al., 2006). A few studies have also reported that sterically 

stabilized liposomes increased when Tween surfactants were present into the liposomal 

bilayer, compared to liposomes without Tween. These liposomes contained egg-PC, α-

tocopherol and various quantities of polysorbate surfactants (Tween 20 and Tween 80) 

and were prepared using solvent (chloroform/methanol mixture) and probe sonication  

(Tasi et al., 2003). These studies once again pointed out the need for steric stabilization of 

the vesicles and demonstrated the need to improve physical stability of the dispersions. 

The present results along with the previous reports are suggesting that nanoliposomes 

containing hydrophobic molecules have poor colloidal stability, and that the inclusion of 

non polar molecules in a thin unilamellar bilayer may lead to instability of the bilayer.   

It was  previously  stated that inclusion of carotene molecules into the membrane 

increases the motional freedom of the polar head groups, presumably via generation of a 

free space in that portion of the bilayer. Carotene is not effective in reinforcing the 
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membrane structure but makes the membrane less compact in its polar region 

(Wisniewska et al., 2006).  This may lead to colloidal instability of these nanoparticles.  

The less than ideal mixing conditions (i.e. solvent free) used to prepare the liposomes 

were not the major factor responsible for the observed instabilities.  It appears that the 

supramolecular structures at the interphase of the bilayer of unilamellar liposomes were 

responsible for the destabilization of the liposomes.  If this is the case, the formation of 

multilamellar, multivesicular liposomes should improve the colloidal stability of the 

dispersions.  

This hypothesis was tested by preparing liposomes using the same methodology, but 

without applying microfluidization. This caused the formation of multilamellar and 

multivesicular liposomes instead of the small unilamellar vesicles. The apparent diameter 

of the the liposomes containing the different hydrophobic compounds ( -Carotene, 

Vitamin D3 and Coenzyme Q10) and their stability over storage was then measured.  The 

changes in the apparent diameter as a function of time of storage are summarized in 

Tables 4.2, 4.3, 4.4 for -carotene, Vitamin D3 and Coenzyme Q10, respectively. 

With all three hydrophobic compounds, the dispersions showed a bimodal size 

distribution. The values also indicate the % intensity for the two separate size 

distributions, with one  population with an apparent diameter around 100 nm and a 

second population  with an  apparent diameter of >480 nm (Tables 4.2, 4.3 and 4.4). 

 

 

Table 4.2 Average diameter measured by dynamic light scattering for liposomes loaded 

with β-carotene as a function of weeks of storage. Values are the average of three 
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independent experiments with standard deviation. Peak 1 and Peak 2 indicate the 

average apparent diameter for the first and second population in a bimodal size 

distribution, and the % indicates the intensity distribution of the peak. Within a row, 

similar letters indicate no significant differences (P>0.05). 

 

Week  0  1  2  3  4  

Peak 1 (nm) 501±10
a
 483 ±13

a
 480±18

a
 485.5±24

a
 498±8

a
 

Peak 1 (%)  89.5±2  86.7±2  88±2  89±3  89±1.4  

Peak 2 (nm)  96 ±6
a
 100±5

a
 100±1.8

a
 99±2.5

a
 97±6

a
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Table 4.3 Average diameter measured by dynamic light scattering for liposomes loaded 

with Vitamin D3 as a function of weeks of storage. Values are the average of three 

independent experiments with standard deviation. Peak 1 and Peak 2 indicate the 

average apparent diameter for the first and second population in a bimodal size 

distribution, and the % indicates the intensity distribution of the peak. Within a row, the 

same letter indicates no significant differences (P>0.05).  

 

Week 0 1 2 3 4 

Peak 1 (nm) 494 ±50
a
 488±61

a
 450±12

a
 437±16

 a
 467±42

a
 

Peak 1(%)  87±2.5 88±0.5 87±2 87±1 87±3 

Peak 2(nm)  96 ±7
a
 100±2

a
 103±5

a
 108±7

a
 99±4.2

a
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Table 4.4 Average diameter measured by dynamic light scattering for liposomes loaded 

with Coenzyme Q10 as a function of weeks of storage. Values are the average of three 

independent experiments with standard deviation. Peak 1 and Peak 2 indicate the 

average apparent diameter for the first and second population in a bimodal size 

distribution, and the % indicates the intensity distribution of the peak. Within a row, the 

same letter indicates no significant differences (P>0.05). 

 

 

 

 

 

 

 

 

 

 

Week 0 1 2 3 4 

Peak 1 (nm) 425 ±5
a
 426±6

a
 421±11

a
 427±16

a
 416±3

a
 

Peak 1(%)  88±2 86±1.2 88±2 85±3.4 87±1.6 

Peak  2(nm)  97±4.5
a
 100±2.4

 a
 102±7

 a
 97±2

 a
 100±1.5

 a
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The initial average apparent diameter of the major vesicles containing   β-Carotene, 

Vitamin D3 and Coenzyme Q10, were 501 ± 10.6 nm, 494 ± 50 nm and 425.4 ± 4.8 nm 

respectively. There were no significant changes over time in the distribution of the 

particle size, that although these dispersions were larger in size than the liposomes 

prepared by microfluidization, these systems were colloidally stable.  After storage at 4°C 

for 4 weeks, all the multilamellar/multivesicular liposomal formulations did not undergo 

visible   phase separation, and as shown by light scattering data (Tables 4.2 4.3 and 4.4), 

the the initial size did not change significantly (P>0.05).  

Figure 4.4 shows the visual appearance of the liposomes prepared using a shear mixer, 

without applying microfluidization, after 4 weeks of storage. Contrary to what was 

observed in the case of the unilamellar liposomes, these muiltilamellar/multivesicular 

liposomes suspensions showed good physical stability, and no phase separation after 4 

weeks of storage.  

Cryo electron microscopy confirmed the multilamellar/multivesicular nature of these 

liposome structures.  Figure 4.5 shows representative images of milk phospholipid 

vesicles with incorporated β-Carotene, Vitamin D3 and Coenzyme Q10, prepared using 

heating and subsequent shear homogenization. The physical stability of these dispersions, 

compared to those prepared with microfluidization, would suggest that instability of the 

nanoliposomes prepared by microfluidization is related to the supramolecular structure of 

the interface, and multiple layers of phospholipids allow for a more favourable 

distribution of the hydrophobic molecules within the layers, and not inhibit the ability of 

the liposomes to repel upon collision.  
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Figure 4.4 Visual appearance of the liposome dispersions prepared with milk 

phospholipids (10% w/v) and β-Carotene (A), Coenzyme Q10 (B) and vitamin D3 (C), 

without using microfluidization.  Images (taken by Sony DSC- W120 camera, with 72 

dpi resolution) are representative of three replicate experiments, and were taken after 4 

weeks storage at 4 °C. 
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Figure 4.5. Cryo-TEM micrographs of liposome dispersions prepared with milk 

phospholipids (10% w/v) containing β-carotene (A), vitamin D3 (B) and Coenzyme Q10 

(C), prepared using heating and subsequent shear homogenization.  Images are 

representative and taken right after preparation. Bar size is 200 nm. All images confirmed 

the multilamellar/multivesicular nature of these liposome structures.  
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Milk phospholipids also contain a high concentration of sphingomyelin, and it is known 

that together with cholesterol, these molecules can form ordered phases within a bilayer 

(rafts, segregated areas surrounded by phospholipids). This has been shown very clearly 

in the case of milk fat globule membranes (Lopez et al., 2010).  

It is then possible to hypothesize that the hydrophobic molecules used in this study may 

cause a similar effect within the unilamellar liposomes bilayer. This would be caused by a 

microscopic phase separation of the hydrophobic molecules within the liposomal 

membrane.  The phase separation would cause the formation of hydrophobic patches on 

the surface of the liposomes, affecting the stability of the dispersions. This phase 

separation occurring within the unilamellar bilayer formed during microfluidization may 

be affected by the presence of sphingomyelins, molecules also prone to phase separation. 

It is important to note however, that destabilization has also been shown to occur with 

phytosterols loaded liposomes prepared using high pressure homogenization but with soy 

derived phospholipids, not containing sphyngomyelin (Alexander et al., 2012).   

The distribution of hydrophobic compounds in more than one bilayer can improve the 

physical stability of the vesicles. Lower concentration of hydrophobic compounds in each 

bilayer will improve the liposome stability compared to unilamellar liposomes, hindering 

the formation of hydrophobic patches on the membrane.  It is important to note that the 

molar ratio of hydrophobic compounds to phospholipids was low and constant in the 

present study.   
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4.4. Conclusions 

The present work demonstrated that when hydrophobic compounds are incorporated into 

small unilamellar liposomes made by microfluidization, the liposomes had poor storage 

stability. This instability did not seem to derive from the sample preparation method, as 

the use of solvent (chloroform), although improving the solublity of the compounds 

within the phospholipid bilayer, did not improve the colloidal stability of the 

nanoliposomes.  It was hypothesized that different hydrophobic compounds may behave 

differently when incorporated into small unilamellar liposome, and that the extent of 

destabilization may vary between the different hydrophobic compounds. The present 

work showed fast destabilization (overnight at 4ºC) for all the liposome dispersions 

containing vitamin D3, Coenzyme Q10, or β-carotene. This study indicates that the 

physical instability was attributed to the use of microfluidization and the formation of 

small unilamellar liposomes. Indeed, the hydrophobic compounds were successfully 

incorporated in multilamellar liposomes using a food grade method, and colloidal 

stability was achieved, but these liposomes had large apparent diameters (between 450 

and 500 nm) and a small population with diameters of about 100 nm.  

Further work (see Chapter 5) will evaluate changes to the phospholipid bilayer 

permeability in liposomes containing -carotene, and the effect of different methods of 

preparation on the stability of these systems, in an attempt to obtain small (<500 nm) 

liposomes with high encapsulation efficiency and colloidal stability during storage. 
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CHAPTER 5 

Incorporation of -carotene in milk phospholipid nanoliposomes 

prepared by microfluidization, simultaneous incorporation of ascorbic 

acid and improved stability.  
 

Part of this chapter has been published as “Farhang, B. Kakuda Y. and Corredig, M., 

Improving the stability of hydrophobic compounds when incorporated in small 

unilamellar liposomes made by microfluidization, US Provisional patent 3100-121, June 

2012”. 

 

 

Abstract 

The effect of different preparation methods on the stability of liposomes prepared with 

milk phospholipids and containing β-carotene as the model hydrophobic molecule was 

evaluated. Different preparation methods may change the solubility of -carotene in the 

bilayer membrane of the liposomes, causing changes in the encapsulation efficiency.  To 

better quantify the effect of β-carotene incorportation on the encapsulation efficiency of 

hydrophilic compounds into the liposomal core, the simultaneous incorporation of 

ascorbic acid and β-carotene was investigated. Two different preparation methods 

employing either heat or ethanol to disperse the phospholipid fraction were tested. The 

liposomes obtained were also compared to those prepared using chloroform, as this is 

often the solvent of choice in the literature.  In all preparations, high incorporation 

efficiencies were observed for β-carotene, reaching about 90% when using heat or 

ethanol, and 98% when using chloroform. No significant differences were observed in the 

encapsulation efficiencies (26%) of ascorbic acid, regardless of the method used. The 

presence of -carotene in the bilayer membrane did not affect the encapsulation of 

ascorbic acid.  However, the incorporation of -carotene increased significantly the size 
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of the liposomes, compared to empty liposomes or liposomes containing only ascorbic 

acid, suggesting that -carotene enhanced the lamellar size of the liposomes, without 

increasing the lumen volume. This was not the case for liposomes prepared with 

chloroform. Regardless of the method of preparation (heat, ethanol, and chloroform), the 

presence of β-carotene in the bilayer affected the colloidal stability of the unilamellar 

vesicles prepared by microfluidization. Based on the results obtained from Chapter 4, a 

procedure was devised to improve the colloidal stability of the small unilamellar 

liposomes produced by microfluidization.   The procedure utilized a layer-by-layer 

deposition technique to add extra phospholipid layers onto β-carotene encorporated 

liposomes that were prepared by microfluidization.   The secondary layers improved 

stability and these liposomes showed no signs of phase separation or change in size for a 

week at 4°C 

 

5.1. Introduction 

Liposomes are considered ideal carriers for lipophilic and hydrophilic compounds. There 

are many studies in the literature   on the incorporation of different bioactive compounds 

into liposomes, mostly prepared with soy or egg phospholipids, and the majority of the 

studies carried out so far have included the use of solvent and dehydration/rehydration as 

the preparation technique. For instance, phospholipids from egg and soybean sources 

have been applied to entrap β-galactosidase to prevent the immediate hydrolysis of 

lactose in milk (Rodríguez-Nogales and Delgadillo López, 2006), to encapsulate 

coenzyme Q10 (Xia et al., 2006), ascorbic acid (Kirby et al., 1991), carotenoid 

compounds (Junghans et al., 2000) or proteins and peptides (Frkanec et al., 2003; Were et 
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al., 2003).  Much less work has been reported on the simultaneous incorporation of 

hydrophilic and hydrophobic compounds into small unilamellar liposomes prepared with 

milk phospholipids using microfluidization.    

Recent studies have  investigated the colloidal stability of liposomes prepared with  high 

pressure homogenization techniques, and demonstrated that while empty liposomes or 

liposomes loaded with hydrophilic compounds showed long term stability (See chapter 3 

and Farhang et al., 2012), these same liposomes when loaded with hydrophobic 

compounds, had impaired colloidal  stability (See Chapter 4 and Alexander et al., 2012)   

The objective of this work was to evaluate the effect of different preparation methods on 

the stability of liposomes prepared with milk phospholipids and containing β-carotene as 

the model hydrophobic molecule.  Indeed, different methods may result in differences in 

the solubility of -carotene in the bilayer membrane of the liposomes, causing changes in 

the encapsulation efficiency.  To better quantify the effect of β-carotene incorportation on 

the liposomal core, the simultaneous incorporation of ascorbic acid and β-carotene was 

investigated. Ascorbic acid was employed as the model hydrophilic molecule, as previous 

work had already reported colloidal stability and high encapsulation efficiencies for milk 

phospholipids liposomes prepared with microfluidization containing vitamin C (Farhang 

et al., 2012).  

Application of liposomes as a double encapsulating system is of great interest, because 

they can be utilized in the entrapment, delivery, and release of water-soluble, lipid-

soluble, and amphiphilic materials, while most of the other encapsulation systems can 

only accommodate hydrophilic substances (Lasic, 1993, Brgles et al., 2008, Mozafari et 

al., 2008). Milk phospholipid liposomes have been used to encapsulate model 
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hydrophobic (β-carotene) or hydrophilic (potassium chromate) compounds (Thompson et 

al., 2009). The results from these studies have indicated that there may be advantages in 

using liposomes prepared with milk-derived phospholipids and microfluidization for the 

encapsulation of both hydrophobic and hydrophilic compounds in foods (Thompson et 

al., 2009).  However, colloidal stability of these systems has yet to be reported, and it is 

possible to hypothesize that the presence of hydrophobic compounds within the 

liposomal bilayer may affect the retention and permeability of the membrane. 

The present work reports the effect of different preparation methods on the stability and 

encapsulation efficiency of milk phospholipids liposomes containing ascorbic acid and β-

carotene.  In addition, the second part of this work presents a method to improve the 

colloidal stability of these vesicles, in an effort to produce submicron size liposomes 

containing nutritionally significant concentration of bioactive compounds using solvent 

free techniques.  The results should aid in the development of products in the food, 

cosmetic and pharmaceutical industry, wherever the use of solvent needs to be avoided. 

 

5.2. Materials and methods 

5.2.1. Materials 

Milk phospholipids (NZMP Phospholipid Concentrate 700, stored vacuum-packed at –18 

ºC) were donated by Fonterra (Fonterra Co-operative Group, Palmerston North, New 

Zealand). The composition of the phospholipid powder, based on Manufacture’s 

specification is shown in Tables 3.1 and 3.2. Ascorbic acid with 99.6% purity was 

obtained from Fisher Scientific (Ottawa, ON, Canada). A 95% β-carotene powder was 

purchased from Sigma Aldrich (St. Louis Mo). All other chemicals were of analytical 
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grade and obtained from Fisher Scientific or Sigma-Aldrich Canada Ltd (Oakville, ON, 

Canada).  

 

5.2.2. Preparation of liposomes containing β-Carotene and ascorbic acid 

To incorporate both ascorbic acid and β-carotene into liposomes, the ascorbic acid was 

dissolved in the aqueous phase and the β-carotene was dispersed with the phospholipids. 

The conventional procedure for incorporating lipophylic compounds such as β-carotene 

in phospholipids vesicles is to disperse the phospholipids and β-carotene mixture in a 

solvent (usually chloroform) and then evaporate the solvent. This thin-film method is 

very effective, but requires the use of solvent and may not be suitable in certain 

applications. Hence, two different food grade methods were tested in the current study: 1) 

liposome dispersions were prepared using heat to facilitate the dispersion of β-carotene 

and phospholipids; 2) alternatively, ethanol was used in place of chloroform, as 

previously reported by others (Thompson et al., 2006).  The liposomes prepared with 

these two methods were compared to those prepared using chloroform as solvent. The 

initial concentration of ascorbic acid was 1 % (w/w) as described in Chapter 3, and β-

carotene was added to the phosholipid to give an  approximate  molar ratio of 0.004 

(bioactive compound / phospholipids) as described in Chapter 4. 

In the method using heat, -carotene (15 mg) was weighed into a beaker containing the 

required amount of milk phospholipids powder (10 g). This mixture was heated to 

approximately 60 ºC on a hot plate with constant stirring (2-3 min). Immediately after, 

0.02 M imidazole, 0.05 M NaCl buffer at pH 7 was added (3 mL). The buffer contained 

0.02% sodium azide as bacteriostatic. The mixture was continuously stirred until the 
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phospholipid formed a melt. Additional imidazole buffer containing 10 mg mL
-1

 ascorbic 

acid was added to a final concentration of 10% phospholipid, and stirred on a magnetic 

stirrer for 30 min. The mixture was then prehomogenized with a Polytron mixer 

(Brinkman Instruments, Mississauga, ON, Canada) at 7000 rpm for 1-2 min. The 10% 

(w/w) phospholipid dispersion was cycled through a Microfluidizer (M-110Y. 

Microfluidics Corporation, Newton, MA, USA) for 7 passes with an input air pressure of 

58 MPa. 

Alternatively, ethanol was employed as a food grade alternative to chloroform, as 

previously reported (Thompson et al., 2009). In this case, the same concentration of -

carotene and milk phospholipid rich powder (see above), were placed in a beaker and 20 

mL ethanol were added to the mixture. This mixture was heated to approximately 60ºC 

on a hot plate with constant stirring, and held until a uniform dispersion was obtained. 

The solvent was then evaporated at 75ºC in a water bath to form a lipid film. The aqueous 

phase (imidazole-NaCl buffer, pH 7.0) was then added and stirred using a magnetic 

stirrer to hydrate the lipid film. The 10% phospolipid dispersion was then pre-

homogenized and homogenized as described above.  

Control liposomes were also prepared, for comparison, using chloroform.  In this case, -

carotene (15 mg) was mixed in a beaker with 10 g of milk phospholipid rich powder and 

about 25 mL of chloroform. This mixture was stirred until completely dissolved and  had 

the appearance of orange liquid. The solvent was then evaporated using a rotary 

evaporator at 50ºC and the lipid-film was held in vaccum oven overnight (at 30 °C and 

pressure≤ 50 mm Hg). The aqueous phase (imidazole, NaCl buffer pH 7.0) was added 

and stirred on a hot plate at 50ºC for 30 min to hydrate the film and to obtain a 10% 
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phospholipid dispersion. The mixture was then pre-homogenized and homogenized as 

described above.  

 Empty liposomes with no encapsulated compounds and liposomes encapsulated with 

only ascorbic acid were also prepared as controls (further details can be found in Chapter 

3).     

 

5.2.3. Determination of encapsulated ascorbic acid and β-carotene 

Immediately following liposome preparation and after storage, the liposomes were 

separated from the unencapsulated material using gel permeation chromatography. 

Aliquots (2.5 mL) of the liposome dispersion were passed through a 10 × 150 mm 

Sephadex G-25 gravity fed PD-10 desalting column (GE Healthcare Bio-Sciences Corp, 

Piscataway, NJ, USA).  Imidazole buffer (20 mM imidazole, 50 mM sodium chloride, 

0.02% sodium azide, pH7) was used as the mobile phase. The fraction containing 

liposomes was collected in the first 4 mL eluted from the column. The amount of 

encapsulated ascorbic acid and β-carotene were quantified by analyzing this fraction. The 

method was tested running control samples consisting of empty liposomes, liposomes 

containing only ascorbic acid, and a dispersion of β-carotene. While the unadsorbed 

ascorbic acid eluted later (after 5 mL), the free β-carotene remained at the top of the 

column (showing a visible orange ring). 

Encapsulation efficiency (EE) was determined as the ratio between the amount of 

ascorbic acid or β-carotene recovered in the liposome fraction and the initial amount of 

ascorbic acid or β-carotene present in the original sample (Torchilin, 2005). 

initial

liposome

C

 C
    EE                           Equation     5.1 
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where Cliposome is the amount of ascorbic acid or β-carotene present in the liposomal fraction  and 

Cinitial  is the corresponding initial amount.   

The concentration of ascorbic acid was measured spectrophotometrically, based on MTT-

formazan colorimetic assay, using the L-Ascorbic Acid Assay Kit  (Megazyme 

International Ltd, Wicklow, Ireland), following manufacturer’s instructions. In brief, the 

reaction involves the reduction of the tetrazolium salt MTT to a formazan compound 

which is measured spectrophotometically at 578 nm L-ascorbic acid and all the other 

reducing compounds are measured initially, and the L-ascorbic acid is then selectively 

removed by addition of ascorbic acid oxidase allowing for the estimation of all remaining 

background reducing substances.  The test does not account for oxidized ascorbic acid.  

The concentration of incorporated β-carotene was also determined; analyzing the fraction 

separated using gel permeation columns (see above).  The fraction eluted from the 

column was extracted using a mixture of hexane, ethanol and acetone. The absorbance 

was measured at 450 nm and the concentration was calculated using a molar extinction 

coefficient of 137,400 L mol
-1

 cm
-1

 (Wright et al., 2008). 

 

5.2.4. Liposome characterization 

The average apparent diameter of the liposomes was determined using dynamic light 

scattering (Nanosizer, Malvern Instruments Ltd, Worcestershire, UK).  The dispersions 

were diluted in imidazole buffer (20 mM imidazole, 50 mM sodium chloride, 0.02% 

sodium azide, pH 7) and a medium viscosity of 0.001054 Pa s was used for the 

calculation of the size from the diffusion coefficient data.   Statistically significant 

deviations from the original apparent average diameter occurring during storage were 

taken as an indication of colloidal instability.   
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Cryogenic transmission electron microscopy (Cryo-TEM) was employed to provide 

information on the microstructure of the liposome particles. Three replicate samples were 

prepared for each experiment and 20 images per sample were taken. The sample (4 μL) 

was pipetted onto a quantifoil (Quantifoil Micro, Jena, Germany) grid with 2 μm holes. 

The excess sample was blotted off in a vitrobot (FEI, Eindhoven, Holland) and 

immediately plunged into liquid ethane held at liquid nitrogen temperature.  The 

specimen was transferred under liquid nitrogen to a Gatan 626 Cryo holder (Warrendale, 

PA, USA) and viewed at -176°C in the Tecnai G2 F20 TEM (Eindhoven, Holland).  

 

5.3. Statistical analysis 

At least 3 replicate samples were prepared for each experimental treatment. Results are 

reported as mean ± SEM (standard error of the mean) for each treatment. All statistical 

analysis was conducted by excel and a significant level of P < 0.05, using one -way 

ANOVA (analysis of variance) testing, where appropriate. Differences between 

treatments were identified using Tukey’s multiple comparison testing (P < 0.05). 

 

 

5.4. Results and discussion 

5.4.1 Size and encapsulation behaviour  

The apparent diameter of the liposomes prepared using the different methods was 

measured by dynamic light scattering. The average sizes of the vesicles prepared by the 

heating method or by the ethanol method to better disperse -carotene were about 

174±16 nm, with no significant differences (P>0.05) between the two methods.  On the 

other hand, the apparent diameter was significantly larger than that of the milk 
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phospholipids vesicles made using chloroform, which showed an average apparent 

diameter of 119±2 nm (see Table 5.1). The empty liposomes or those containing only 

ascorbic acid were about 100 nm of diameter. In all cases, the liposomes containing β-

carotene showed a difference in radius of about 30 nm, compared to when chloroform 

was employed to dissolve the lipid fraction. This size difference would suggest better 

packing of the -carotene in the bilayers when prepared with chloroform. 

For the β-carotene molecules to become incorporated into the phospholipid membrane, 

they must be solubilised and interact with the phospholipid molecules. If β-carotene is 

poorly solubilised in ethanol as well as having low miscibility in the phospholipid 

membranes there would be a greater tendency to form aggregates rather than becoming 

incorporated into the membrane. Similar conclusions were previously reported 

(Thompson et al., 2009).  It is possible to assume that based on the size of the 

chloroform-prepared liposomes and solvating properties of chloroform, the β-carotene 

should have been intimately mixed with the phospholipids and therefore form smaller 

size vesicles compared to the  other methods i.e. heat and ethanol.  

Liposomes prepared using microfluidization have been reported to be unilamellar 

(Thompson and Singh 2006). Cryo-TEM analysis was performed to confirm the 

morphology of the liposomes.  Figure 5.1 shows a representative image of the vescicles 

prepared with β-Carotene with no ascorbic acid. The phospholipid vesicles appeared 

spherical and with a darker membrane.  The Cryo-TEM also suggested the presence of a 

large population of liposomes with diameters < 100 nm.  Very few liposomes seemed to 

contain vesicles in their inner core (Figure 5.1). Overall, the results of Cryo-TEM were in 

agreement with light scattering average particle size values.   
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Although the vesicles containing -carotene had larger apparent diameters than the 

control (empty vesicles) or those with emcapsulated ascorbic acid when measured by 

light scattering, all three looked similar, as shown by CryoTEM.  Figure 5.2 is a 

representative micrograph of empty milk phospholipid liposomes.   

 

Table 5.1 Average diameter and encapsulation efficiency (EE %) of milk phospholipid 

liposomes containing ascorbic acid and β-carotene, prepared using different methods 

(heat, ethanol or chloroform). Results are the average of at least three replicates, with 

standard deviation.  Within a column different superscripts indicate statistical 

significance at p<0.05.  

 

 Preparation  Size (nm) EE (%) 

of β-carotene 

EE (%) 

of ascorbic acid 

β-carotene 

+ ascorbic acid 

 

Heat 174±16
c
 92±4

a
  25.2±0.9

a
 

Ethanol 174±15
c
  91±4

a
  25.8±0.6

 a
 

Chloroform 119±2
b
 99±0.4

 b
  26.2±0.8

 a
 

β-carotene only Heat 178±17
c
  91 ±3

a
 - 

Ethanol 174±16
c
  92±2.5

a
  - 

Chloroform 120±2
b
  98±0.5

b
 - 

ascorbic acid only Heat 100±4
a
 - 26.3± 0.8

 a
 

empty liposomes  Heat 100±1
 a
 - - 
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Figure 5.1 Cryo-TEM micrograph of milk phospholipid liposomes prepared using the 

heat method and containing -Carotene (no ascorbic acid). The dispersion contained milk 

phospholipids (10% w/v) in 20 mM imidazole 50 mM NaCl buffer. Bar size is 100 nm.  

The arrow indicates the unilamellar membrane. The phospholipid vesicles appeared 

spherical and with a darker membrane. 
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Figure 5.2 Cryo-TEM micrograph of empty liposomes, prepared with milk phospholipids 

(10% w/v) in 20 mM imidazole 50 mM NaCl buffer, using the heating method. Bar size 

is 100 nm. The liposomes are unilamellar. 
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The micrograph shows a number of vesicles with diameters <100 nm and a few 

containing smaller vesicles in the inner core. Liposomes containing ascorbic acid did not 

appear different when imaged by Cryo-TEM (Figure 5.3). The amount of ascorbic acid 

and β-Carotene encapsulated in the vesicles was quantified by separating the liposomes 

from the unencapsulated material.  The separated liposomes were analyzed for ascorbic 

acid and β-Carotene and the encapsulation efficiencies calculated and reported in Table 

5.1. The encapsulation efficiency of ascorbic acid was around 26% which is in good 

agreement with the samples containing only ascorbic acid. As well, the encapsulation 

efficiencies were not affected by the preparation methods (heat, ethanol or chloroform 

methods). When the hydrophilic molecule, ascorbic acid, was encapsulated alone or 

together with -carotene, the encapsulation efficiency was the same (Table 5.1), 

indicating that the presence of the hydrophobic molecule in the bilayer did not affect the 

encapsulation of the aqueous phase.  

It was observed that the incorporation of -Carotene yielded larger liposomes, however, 

this increase in diameter did not cause a change in encapsulation efficiency.  These 

results confirmed the hypothesis that the change in size resulted from a thicker membrane 

around the core and not an increase in the volume of aqueous phase entrapped. 

The encapsulation efficiency of β-carotene was about 3.5 times greater than ascorbic acid 

(about 90%), confirming the partitioning effect of hydrophobic compounds in the bilayer. 

The results summarized in Table 5.1 clearly show that there were no significant 
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differences between the encapsulation efficiency of β-carotene when prepared by the 

ethanol and heat methods (91%).  

 

 

 

 

 

                          

 

            

 

Figure 5.3 Cryo-TEM micrograph of nanoliposomes containing ascorbic acid prepared 

with milk-derived phospholipids (10% w/w powder) in 20 mM imidazole 50 mM NaCl 

buffer, using 7 passes through the microfluidizer. Bar size is 100 nm. The liposomes 

containing ascorbic acid did not appear different than empty unilamellar liposomes. 
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However, it is important to note that when chloroform was used to dissolve the lipid 

phase, the amount of -carotene encapsulated was significantly higher (98%) than that 

obtained by using ethanol or heat. In all cases, >90% of the initial β-carotene was 

recovered in the bilayer. 

 

5.4.2. Stability of the liposome dispersions 

 

While all the liposome dispersions without encapsulated carotene were still stable after 

two months of storage, confirming previous reports (Kirby et al., 1991, Thompson et al., 

2006; Farhang et al., 2012), the liposomes containing -carotene showed visible phase 

separation after a few days of storage at 4°C. These encapsulated liposomes were 

prepared by microfluidization and had a unimodal size distribution at the time of 

preparation. Figure 5.4 shows the apparent size distiribution measured by dynamic light 

scattering of the liposome dispersions prepared with heat, ethanol or chloroform methods, 

and containing -carotene. Empty liposomes are also shown as a reference in Figure 5.4.    

Images in Figure 5.5 depict the visual appearance of the suspensions after 1 day of 

storage.  The liposomes containing carotene, regardless of the method of preparation, 

showed phase separation, with a yellow upper phase and a red bottom phase.  Dynamic 

light scattering analysis of the dispersions after one day also showed a statistically 

significant change in the average apparent diameter, caused by the appearance of a 

second population of aggregates (Figure 5.6).                                                            
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Figure 5.4 Apparent diameter measured by dynamic light scattering, immediately after 

preparation, for β-carotene loaded liposomes, prepared using heating, ethanol or 

chloroform. Empty liposomes are also shown as reference.  Representative data of at least 

three replicate samples.  
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Figure 5.5 Visual appearance of the liposome dispersions containing β-Carotene 

prepared with milk phospholipids (10% w/v) and heat  (A), Chloroform (B) and 

Ethanol(C), all samples were passed through microfluidizer 7 times. Images (taken by 

Sony DSC- W120 camera, with 72 dpi resolution) are representative of three replicate 

experiments, and were taken after 1 day storage at 4°C. 
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Figure 5.6 Apparent diameter measured by dynamic light scattering after 1 day storage at 

4°C. Liposomes contained β-carotene and were prepared using heating, ethanol or 

chloroform.  Empty liposomes are also shown as a reference. Representative data of at 

least three replicate samples.  

  

The instability of the liposomes was most probably caused by fusion of the liposomes during 

storage, causing the formation of larger vesicles, which eventually resulted in visible phase 

separation.  Figure 5.7 shows a representative cryo-TEM image of liposome dispersions 

prepared by heating and containing β-carotene and ascorbic acid, imaged after one day of 

storage at 4ºC.   
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The image shows some aggregation of the hydrophobic compounds in the bilayer and this 

may have resulted in a weaker liposomal interface. The β-carotene aggregates could be 

forming phase separated moieties within the phospholipids bilayers, and this would result 

in hydrophobic patches, causing fusion of liposomes upon collision.  It is important to 

note that, in spite of the fusion of the liposomes into larger structures, many of the 

liposomes were still quite small in diameter after a day of storage. However, visible phase 

separation occurred quickly, possibly because of the precipitation of a -carotene rich 

phase.  

It could be hypothesized that structural rearrangements will occur in the bilayer of small 

unilamellar liposomes after incorporation of hydrophobic β-carotene molecules. These 

rearrangements are the cause of the poor stability of the bilayer membrane, and ultimately 

poor storage stability of the liposomal dispersion.  It was   previously shown; using 

proton NMR, that incorporation of zeaxanthin into the lipid bilayer was associated with 

increased rigidity of the membrane. It was then suggested that zeaxanthin molecules may 

adopt a regular orientation in the membrane, with the polar ends contacting the aqueous 

milieu and the hydrophobic chain with the membrane’s hydrophobic core. In contrast, β-

carotene, which has no polar moiety, would be randomly oriented in the membrane 

(Gabrielska and Gruszecki 1996). 

 

 



 110 

 

   

Figure 5.7 Cryo-TEM micrograph of nanoliposomes containing -Carotene liposomes 

after one day storage at 4°C, prepared with Milk phospholipids (10% w/v) in 20 mM 

imidazole 50 mM NaCl buffer, using the heat method followed by 7 passes through the 

microfluidizer. Bar size is 200 nm. Some aggregation of the hydrophobic compounds in 

the bilayer is observed. 
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The interactions between the rigid carotenoids structure and alkyl lipid chains of the 

phospholipids in a bilayer membrane are based on hydrophobic and van der Waals forces. 

Incorporation of polar carotenoids into a lipid bilayer usually results in a decrease in 

membrane fluidity and an increase in membrane stability. The inclusion of a non-polar 

molecule, such as carotene, into the membrane increases the motional freedom of the 

polar headgroups, presumably via generation of a free space in that portion of the bilayer, 

causing weaker points in the membrane. Previous studies pointed out that β-carotene is 

not effective in reinforcement of the membrane structure, as its molecules make the 

membrane less compact in its polar regions (Gabrielska and Gruszecki 1996). 

The extent of destabilization of the liposome dispersions may be larger in the case of β-

carotene, as this compound has low miscibility with the phospholipid bilayer and the 

localization of these hydrophobic molecules in the unilamellar membrane made by 

microfluidization. However, it is important to note that the preparation of liposomes with 

chloroform did not improve the stability of the sytem, indicating that even if dispersion 

can be obtained during preparation, aggregation of the molecules could not be prevented 

in the unilamellar layer of the liposomes.  This destabilization effect has been  reported 

for other lipophilic molecules (see Chapter 4 and Alexander et al., 2012). 

It could be hypothesized that to improve the colloidal stability of the small vesicles 

prepared by microfluidization, extra bilayers are necessary.  To test this hypothesis, 

liposomes loaded with β-carotene were prepared using microfluidization, using the 

heating method, and then secondary layers were added to these vesicles, using a layer-by-

layer deposition technique.   
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To add the secondary phospholipid layers, the unilamellar liposomes were further 

homogenized, using a shear homogenizer, with additional milk phospholipids (6% w/w).  

The apparent diameter of these liposome dispersions was measured using dynamic light 

scattering, immediately after preparation and after 1 week of storage (Table 5.2). The 

liposomes showed a bimodal distribution, with average diameters of 100 nm and 330 nm.  

The major portion of the signal was attributed to the larger vesicles. These liposomes 

were smaller than those prepared by shear homogenization (see Chapter 4) and were 

stable when stored at   4ºC. Figure 5.8 is a photograph of the liposomal dispersion 

prepared using the layer by layer deposition technique. After one week of storage at 4ºC, 

the sample remained uniformly dispersed with no visible phase separation.  

The morphology of the liposomes was also changed by the addition of extra 

phospholipids and can be seen in Figure 5.9.  The Cryo-TEM micrographs clearly show 

the presence of multilamellar and multivesicular vesicles.   

The concept of adding additional layers to liposomes to improve their steric stability was 

reported previously by Xia et al., (2006) but they used polymers to form a sceondary 

layer.  The present work clearly demonstrates that the additional step of loading a 

secondary layer of phospholipids onto the nanoliposomes is a viable way to form stable 

liposomes that contain hydrophobic molecules.   This extra layer provides  the necessary 

charges to cause electrostatic repulsion between liposomes, and will also cover the 

hydrophobic patches formed by the hydrophobic molecules incorportated in the original 

unilamellar layer.   
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Table 5.2 Average diameter measured by dynamic light scattering of liposomes loaded 

with β-carotene prepared using heat, microfluidization and a second homogenization to 

form a secondary layer of phospholipids.  . Values are the average of three independent 

experiments with standard deviation. The averages of the two peaks of the biomodal 

distribution are shown, as well as the % (intensity distribution) of the largest peak. Values 

are shown for liposomes prepared immediately after homogenization, as well as after 1 

week of storage at 4°C. Within a row, superscript letters indicate statistically significant 

differences (P>0.05). 

 

Week  0  1  

Peak 1 (nm) 329±11
a
 323±25

a
 

Peak 1 (% ) 88±2  90±2  

Peak 2 (nm) 110±7
a
 112±9

a
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 Figure 5.8 Visual appearance of the liposome dispersion containing β-Carotene prepared 

with milk phospholipids (10% w/v) using heat, microfluidzation and a second 

homogenzation with 6% additional phospholipids. . Image (taken by Sony DSC- W120 

camera, with 72 dpi resolution) is representative of three replicate experiments, and was 

taken after 1 week storage at 4 °C 
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Figure 5.9 Cryo-TEM micrograph of liposomes containing β-Carotene, prepared with 

milk phospholipids (10% w/v) in 20 mM imidazole 50 mM NaCl buffer, using heat, 

microfluidization and 6% extra phospholipids  as stabilizer. Bar size is 200 nm. The 

micrographs clearly show the presence of multilamellar and multivesicular vesicles.The 

darker colour inside show the presence of the hydrophobic compounds inside the internal 

bilayer.   
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5.5. Conclusions 

The present work demonstrated that it is possible to simultaneously encapsulate ascorbic acid 

and β-carotene (hydrophilic and hydrophobic compounds respectively) into liposomes using 

milk derived phospholipids. The incorporation of -carotene resulted in larger liposomes, 

with a similar lumen size compared to control liposomes. The encapsulation efficiency of 

ascorbic acid did not change, irrespective of the preparation method, indicating that the 

differences in the aggregation state of -carotene in the bilayer did not affect the 

permeability of liposomes. High amounts of β-carotene could be incorporated in the 

unilamellar liposomes, but the suspensions showed poor physical stability upon storage.  

The method of sample preparation (heat, ethanol or chloroform) did not show difference 

in storage stability. It can be concluded that incorporation of hydrophobic molecules such 

as β-carotene resulted in an altered liposomal membrane, resulting in colloidal 

destabilization.  This study indicates that microfluidization alone, with the formation of 

small unilamellar vesicles, may not be suitable for the incorporation of hydrophobic 

compounds. To overcome this problem, a layer by layer technique was successfully 

applied, whereby additional phospholipids was added to the nanoliposomes, to form 

stable vesicles with smaller sizes than those obtained with traditional methodologies. This 

technique may allow a way to improve the stability of liposomes and still have a food 

grade and solvent free delivery system.   
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CHAPTER 6 

Summary, Conclusions and Future directions 

 

 

6.1. Summary 

The production of nanoliposomes is considered to be an effective technology for the 

encapsulation and controlled release of nutraceuticals and bioactive compounds, as well 

as for enhancing their stability and bioavailability. Although liposomes are generally 

prepared with phospholipids from soy or egg, in recent years, there has been a growing 

interest in the health benefits and functional properties of milk fat globule membrane 

(MFGM) derived phospholipids, as these ingredients have become commercially 

available.  The objective of this work was to characterize nanoliposomes prepared with 

milk phospholipids using microfluidization, and to evaluate their encapsulation behaviour 

using both hydrophilic and hydrophobic biomolecules. Liposomes prepared by 

microfluidization with milk phospholipids showed an apparent diameter of about 100 nm. 

The incorporation efficiencies for ascorbic acid as a model hydrophilic biomolecule 

increased as the concentration of phospholipid-rich powder increased from 5% to 10% 

(w/w).  However, from 10% to 16% (w/w), the incorporation efficiency reached a plateau 

value of 26%.  There appeared to be a change in liposome structure from unilamellar to 

multivesicular/multilamellar vesicles with high levels of phospholipids (16%) and a high 

number of passes through the microfluidizer. Storage studies showed less stable 

dispersions when stored at pH 3 compared to pH 7.  After 7 weeks at 4°C, liposomes 

stored at pH 3 and pH 7 retained 67% of the ascorbic acid originally encapsulated, while 

only 30% remained when the dispersions were stored at 25°C.  
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For simultaneous encapsulation, ascorbic acid and β-carotene were used as model 

hydrophilic and hydrophobic compounds, respectively. Two different preparation 

methods were tested, employing either heat or ethanol to disperse the phospholipid 

fraction. The liposomes obtained were also compared to those prepared using chloroform, 

as this is often the solvent of choice in the literature.  In all preparations, high 

incorporation efficiencies were observed for β-carotene, reaching about 90% when using 

heat or ethanol, and 98% when using chloroform. No significant differences were 

observed in the encapsulation efficiencies (26%) of ascorbic acid, regardless of the 

method used. The presence of -carotene in the bilayer membrane did not affect the 

encapsulation of ascorbic acid.  However, the incorporation of this hydrophobic 

compound increased significantly the size of the liposomes, compared to empty 

liposomes or liposomes containing only ascorbic acid, suggesting that -carotene 

enhanced the lamellar size of the liposomes, without increasing the lumen volume. This 

was not the case for liposomes prepared with chloroform.  

Regardless of the method of preparation (heat, ethanol, and chloroform), the presence of 

β-carotene in the bilayer affected the colloidal stability of the unilamellar vesicles 

prepared by microfluidization. Other hydrophobic compounds such as Coenzyme Q10 

and Vitamin D3 also underwent visible phase separation, indicating that the 

hydrophobicity of the different bioactive compounds and their incorporation into the 

bilayer destabilized the liposomes.  Structural changes to the bilayer occur when the 

hydrophobic compounds are incorporated into small unilamellar liposomes prepared by 

microfluidization resulting in poor storage stability. It was demonstrated, by preparing 

multilamellar liposomes, that the cause of the instability was the preparation of the 
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material using microfluization, as this seemed to be an effect related to the unilamellar 

character of the liposomes.  When multilamellar liposomes were prepared under similar 

conditions, the dispersions were stable when stored for 4 weeks at 4°C.  

Microfluidization, with the formation of small unilamellar vesicles, may not be the best 

procedure to incorporate hydrophobic compounds into liposomes, since the multilamellar 

liposomes showed greater stability and capacity to incorporate small hydrophobic 

compounds. 

It is therefore possible to improve the stability of nanoliposomes by using a layer by layer 

deposition technique. The diameters of these new liposomes were larger than unilamellar 

liposomes.  This indicated that extra bilayers were added to the unilamellar vesicles and 

that these vesicles were stable for at least one week as no change in vesicle size was 

noted over that time period. 

 

6.2. Conclusions 

The present work demonstrated that by using microfluidization, it was possible to obtain 

small, unilamellar milk phospholipid liposomes stable at neutral pH and able to protect 

ascorbic acid for at least 7 weeks. However, it was shown that when preparing small 

unilamellar liposomes loaded with hydrophobic compounds, visual instability occurs 

upon storage. The structure and the degree of hydrophobicity of the molecules do not 

seem to be a factor in determining storage stability, as three different model molecules 

were used, and in all cases, instability occurred to a similar extent. Also when a solvent 

free procedure (heating method) was replaced with procedure using solvent (ethanol or 
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chloroform) to maximize the contact between the phospholipids and the hydrophobic 

compounds, and improve their solubilty, there was no change in the storage stability.  

Physical stability of submicron sizes liposomes loaded with hydrophobic molecules can 

be improved by the use of multilamellar, multivesicular liposomes. In addition to directly 

making multilamellar liposomes, it is possible, to better control size and formulations, to 

employ a layer by layer deposition technique. These results should help in the 

development of solvent free, food grade nanoliposome to be used as delivery systems.   

 

6.3. Future Directions 

The incentives and the technological advantages derived from milk phospholipids will be 

the driving force that will increase the ultilization of milk phospholipids for food 

applications. Therefore as the number of opportunities to use liposomes in the food 

industry increases, more research will be needed to better understand the differences in 

physico-chemical properties and encapsulation behaviour between the milk and other 

phospholipid sources, and more importantly, to understand their behaviour in relevant 

food matrices during processing and storage. Therefore applications in relevant model 

food systems need to be invesitigated. For instance the characteristic, stability and 

sensory evaluation of milk phospholid liposomes and encapsulated bioactive compounds 

when added to a dairy product, such as yogurt. Furthermore, it may be important to 

evaluate the bioavailability of the compounds encapsulated in multilamellar liposomes 

produced without microfluidization or with the new method (small liposomes covered 

with extra phospholipids), as the structure formed may have a different impact during 

digestion. 
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