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Ahstract 

Abstract 

The isolat ion  of  m i lk fat globule membrane ( MFGM) material from buttermilk on a 

commercial scale has provided a new ingred ie nt rich in phospho l ip ids and sphingo l ip ids .  

The aim of this project was to  explore the possibi l ity  of producing Iiposomes from MFGM­

derived phospho l ipid matieral ( Phospho lac) and to compare the propert ies of  these 

l iposomes with those produced from commercial soy phospho lipid fract ions ( S igP3644 and 

Ultralec) . The technique used for l iposome production was to be suitable for use in the food 

industry. 

All three phosphol ip id fractions were primari ly composed of phosphat idyl chol ine and 

phosphatidyl ethano lamine, but the dairy-derived Phospho lac also contained approximately a 

third sphingomyelin.  It also had a more highly s aturated fatty acid profile, and contained a 

s ignificantly higher proportion of protein than the soy-derived fractions. 

The phosphol ip id fractions were dispersed in an aqueous system and cycled through a 

Microfluid izer R (a h igh-pressure homogeniser) to successfully produce l iposomes.  These 

were t hen characterised us ing a wide range of techniques .  

The hydrodynamic diameter of the liposomes,  measured usmg Photon Correlat ion 

Spectroscopy, ranged from an average of �95 nm tor the Phospholac dispersion to �80 nm 

for the S igP3644 and Ultralec samples. All three dispersions had a very wide particle s ize 

d istribut ion. Electron microscopy showed that all three dispersions appeared to be primarily 

unilamellar, but there was a small percentage of mult ilamellar and mult ives icular l iposomes . 

The unilamel lar nature of the d ispers ions was further supported by the small-angle X-ray 

diffract ion images and 3 1 P-NMR results. 

The S igP3644 d ispersion had a much higher permeabil ity than e ither the P hospho lac or  

U ltralec sample, with  minimal d ifference betwee n  the Phospholac and Ultralec samples at 

e ither 20  or 40 oc. Differential scanning calorimetry (DSC) found that S igP3644 and 

Ultralec had phase transition temperatures below 0 °C, while Phospholac dispersions showed 

a very broad transit ion with a centre between 28 and 30 oc. However, these d ifferences did 

not appear to relate to the membrane permeabil ity at its phase trans it ion temperature. The 

Phospholac and U ltralec bi layers were approximately 20% thicker than S igP3644 

membranes, with no s ignificant change in thickness  between 20 and 40 oc. 
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The l iposomes produced  from the Phospholac fraction showed considerably i mproved 

stabi l ity  under a variety of environmental condit ions than those produced from soy 

phospho lipids. The Phospholac dispersions were able  to withstand more severe processing 

treatments, were stable for longer periods at h igher storage temperatures, and were less 

affected by changes in pH and in ionic concentration. I t  is thought that these differences are 

due to the h igh sphingomyel in concentration and more saturated fatty-acid profile of  the 

dairy-derived fraction.  

There were noticeable differences in entrapment characteristics of the fractions .  H was 

found that the entrapment efficiency o f hydrophobic compounds was directly proportional to 

the solubil ity of the compound in the so lvent phase used for d ispersion .  H ydrophilic 

entrapment was also investigated, but the rapid d itius ion  of  the small hydrophil ic molecules 

through the l iposome membrane prevented quantificat ion  of the entrapment efficiency. To 

produce liposome d ispersions suitable for the encapsulat ion  of hydrophilic material, further 

work must be completed to reduce the membrane permeabi l ity. 

D ifferences in the properties of the l iposome d ispers ions appear to be related to the 

compos it ion differences between the phosphol ip id  fractions, and it may be possible to 

explo it the unique composit ion of  the MFGM phospho lipid material in the del ivery o f  

b ioactives in functional foods. 
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Chapter 1: Introduction 

Chapter l: Introduction 

Over 95% of  the lipid in milk IS present m the form of  tiny spherical droplets of  

triglycerides, each surrounded by a membrane consisting of  phospho lipids, 

glycosphingolipids and proteins. This membrane is referred to as the milk fat globule 

membrane (MFGM), and it stabi l ises the hydrophobic lipid phase within the aqueous mi lk 

environment. 

During the butter manufacturing process, the MFGM is disrupted and the triglycerides are 

released.  To minimise contact with the aqueous phase, the triglycerides aggregate, 

producing lumps of butter. The majority o f the amphiphil ic, MFGM material remains in the 

di lute aqueous phase commonly re terred to as buttermilk. I n  previous years, the buttermilk 

was general ly regarded as a valueless waste product, and disposed of accordingly. However, 

recent research has shown that dietary phosphol ipids and sphingol ip ids may contribute to 

improved health and well-being. The relat ively high concentration of phospho lipids and 

sphingo l ipids in buttermilk has provided incentive to develop methods suitable for their 

extraction and purificat ion. These techniques range from traditional methods using solvent 

extraction through to emerging technologies such as microfiltrat ion and supercritical fluid 

extraction .  At t ime of  writ ing, the Fonterra Co-operative Group Ltd (New Zealand) was the 

only company known to extract and purify MGFM phosphol ipid fractions from buttermilk 

on a commercial basis .  These products are primarily used in food products and cosmetics 

for the ir nutritional and health-promoting qual it ies. 

In the pharmaceut ical and cosmetic industries, highly purified phospho lipids extracted from 

soy o il or egg yolks may be used to produce l iposomes .  L iposomes are spherical struct ures 

consisting of one or more phosphol ipid bilayers enclosing an aqueous core . They may used 

for the entrapment and controlled release of  drugs or nutraceuticals, as model membranes or 

cel ls ,  and even tor special ist techniques such as gene delivery. Sphingol ip ids have 

sometimes been used in l iposome production, and they are reported to have functional 

advantages over the more common phosphol ip ids .  

There are many potential appl icat ions tor liposomes in the food industry, ranging from the 

protection of sensit ive ingred ients to increas ing the efficacy o f food addit ives .  However, the 

1 



Chapter 1: introduction 

h igh cost of the purified soy and egg phospho l ip ids combined with problems finding a 

production method suitable for use in the food industry has l imited the use o f  liposomes in 

foods. There is growing consumer concern regarding genetic modificat ion of foo d  sources, 

and soybeans are widely regarded as one of the most commonly affected products. 

Sphingol ip ids are tradit ionally extracted from bovine brain, and are not only very expensive 

but are unsuitable for use in foods for vegetarians. I ssues relat ing to BSE and Creutzfe ldt 

Jakob disease also make it undesirable to use material extracted from bovine brain in food 

systems . 

The use of dairy phospho lipid fractions would avo id many of the negative 1ssues  

surrounding many of the other sources of phospho l ipids and sphingol ip ids, and may also 

provide some label l ing benefits .  The high levels of sphingo l ip ids may provide nutrit ional 

benefit for the consumer, as well as improved l iposome functional ity. 

The overall aim of this project was to determine whether the phospho lipid component of  

MFGM was able to  be used to prepare l iposomes .  The technique used tor liposome 

production was to be su itable for use in the food industry, and therefore must avo id the use 

of organic so lvents and be eas ily scaled up to produce large quantities in a relat ively small 

amount of  t ime. If poss ible, the l iposomes were to be produced from the commercially­

produced dairy phosphol ip id fractions without any addit ional purification steps. 

Once a technique that could successfully produce l iposomes from the dairy phosphol ipids 

was identified, the second phase of the work was to physically and chemically characterise 

the dairy-based l iposomes, and compare them with those produced from commerc ial soy 

phospholipids. The possib il ity of  using the l iposomes for entrapment of model compounds 

was also to be briefly explored. 

2 



Chapter 2: Literature review 

Chapter 2: Literature review 

2.1 Introduction 

T his thesis aimed to produce l iposomes from milk fat globule membrane phospho lipids, 

commercial ly extracted from butter milk. The following l iterature review covers p hys ical 

and chemical characterist ics o f  the milk fat globule membrane, structure of phospho lipids, 

the d ifferences between phospholipid sources and the nutrit ional benefits reported for dietary 

p hospho lipids. The review also outlines the formation and structure of l iposomes, as well as 

l iposome preparation methods and techniques for liposome characterisation. Potential 

appl icat ions for l iposomes in the food industry are also d iscussed. 

2.2 Milk fat globule membrane (MFGM) 

M ilk is an o il- in-water emuls ion, containing droplets of triglycer ides stabil ised by a complex 

b ilayer membrane. This membrane (called the milk fat globule membrane or MFGM) is 

composed of phospho lipids, g lycosphingolipids and proteins . The approximate gross 

compos it ion of the MFGM is g iven in Table 2- 1 ,  with the polar l ip id composit ion shown in 

T able 2-2. The origin, format ion and secretion of milk fat globules has been extensively 

studied, and the reader is referred to the recent reviews by Heid and Keenan (2005) ,  Evers 

( 2004) and Keenan and Mather (2002) tor detailed informat ion on this area. 

MFGM may be released fro m  dispersio ns of milk fat globules by agitation, freezing and 

thawing, exposure to ultrasound, or the addit ion of mild detergents or polar aprotic solvents 

( Keenan and Mather, 2002) .  The MFGM may then be isolated through centrifugal 

sedimentation. The agitat ion  during the churning of butter causes the rupture ofthe M FGM, 

allowing the release and aggregation  of the triglycerides to form butter. Most of the MFGM 

remains in the aqueous (buttermilk) phase,  with a potential yield of  approximately 0 .25  mg 

o f  phospho lipid per mg of protein (Corredig et al. , 2003) .  

3 
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Table 2-1 Gross composition of mil k  fat globule membranes 

Constituent group Amount 

P roteins 2 5 -60% b y  weight 

Total hpids 0 . 5- l. l  mg mg ·1 protein 

Neut ral lipids 0.25-0.88 mg mg ·1 p rotein 

Phospholipids 0. 1 3-0.34 mg mg'1 p rotein 

Gl ycosphingolipids 0 .00 1 3 mg mg -1 protein 

( from Keenan and Mather, 2 002) 

Table 2-2 Polar lipid composition of M FGM 

Lipid type Percentage present 

Sphingom yelin 22 

Phosphatidy! choline 36 

Phosphati d yl ethanolamine 2 7  

Phosphatidyl inositol 1 1  

Phosphatidyl se rine 4 

L ys ophosphatidyl choline 2 

( from Keenan and Mather, 2002 ) 

The butter manufacturing process invo Ives a number of stages, with an example of a cultured 

butter process shown in F igure 2- 1 ,  and is usual ly performed by a continuous buttermaker. 

4 
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(Raw 
cream 
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Aging and cry sta llizi ng 
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Figure 2-1 Schematic showing general steps in cultured butter manufacture. 

T he cream is separated from the milk and pasteurised. I f  ripening is desired for the 

production o f  cultured butter, mixed cultures  of S cremoris, S lactis diacetyl lactis and 

Leuconostocs are used and the cream is ripened to pH 5 . 5  at 2 1  oc and then pH 4 .6  at l 3  oc 

T he cream is then subjected to a program of controlled cool ing designed to give the fat the 

required crystall ine structure. This aging process usually takes 1 2  - 1 5  hours . The cream is 

then pumped to the churn or continuous buttermaker v ia a p late heat exchanger to bring it to 

the required temperature. I n  the churning process, the cream is vio lently agitated to break 

down the fat g lobules, caus ing the fat to coagulate into butter grains, while the fat content of 

the remain ing l iquid, the buttermilk, decreases .  I n  traditional churning, the machine stops 

when the grains have reached a certain s ize, whereupon the buttermilk is drained off With 

the cont inuous buttermaker the draining of the buttermilk is also continuous . The butter is 

then salted and worked to ensure an even distribution of salt throughout a continuous fat 
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phase containing a finely d ispersed water phase. The finished butter is discharged into the 

packaging unit, and from there to cold storage . 

Whole milk contains approximately 0 .035% phosphol ipid, of  which 35% is in the milk 

serum and 65% is in the M FGM. Buttermilk produced from 40% cream contains 0 . 1 3 %  

phospho l ipid, almost three times the level of whole milk ( Walstra e t  al., 1 999) . Walstra et 

al. ( 1 999) stated that buttermilk may be used in certain food products,  but it was usually 

desirable to minimise production due to insufficient demand in the food industry. Buttermilk 

may be included in foods to add flavour, as a source of calcium and protein, improve 

emulsification or foaming properties, or help colour development due to Maillard browning 

and improve shelf-l ife by binding water in baked goods. 

The possibility of obtaining a valuable product from what was previously regarded as a 

waste stream is obviously appeal ing from a financial perspective, and there are a number of 

recent papers d iscuss ing possible techniques for achieving this. Corredig et  al. (2003) 

outl ined a method for concentrating the polar MFGM l ip ids using m icrofiltration, while 

Astaire et al. (2003) used a combination of micro filtration and supercritical flu id extraction. 

However, at time of writ ing, Fonterra Co-operat ive Ltd (New Zealand) was the only 

company known to extract and purify MGFM p hosphol ip id fract ions from buttermilk on a 

commercial basis .  Details of their technique were not available due to commerc ial 

sensit ivity, but it was known that some so lvent-based purification steps are used in the 

process. 

2.3 Phospholipids 

2. 3. 1 Basic structure 

Phospholipids are amphipathic l ipid compounds, and along with glyco lipids and proteins are 

the building blocks of  biological membranes .  T hey are derived from e ither glycerol, a three­

carbon alcohol, or sphingosine, a more complex alcohol .  

G lycerophospholipids are found in  both p lant and animal membranes .  The most common 

natural glycerophospho l ip ids are phosphatidyl cho line ( PC) ,  phosphat idyl ethano lamine 

(PE),  phosphat idyl inos itol (P I )  and phosphatidyl serine (PS) (F igure 2-2) .  

6 
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Phosphatidyl choline 

0 
� CH20C-R1 

?t I R2-COCH 
I 9 CH20�0 

HO HO 
s 

Phosphatidyl inositol 

Phosphatidyl ethanolamine 

Phosphatidyl serine 

Figure 2-2 Basic structure of the common glycerophospholipids, phosphatidyl choline, phosphatidyl 

ethanolamine, phosphatidyl inositol and phosphatidyl serine. 

As can be seen fro m  the structures of these molecules, phosphol ip ids are surface active 

compounds, containing both hydrophobic (acyl residues, N-acyl sphingosine )  and 

hydrophilic (phosphoric acid) sections . 

All  phosp holipid mo lecules have at least one fatty acid chain. Fatty ac id biosynthesis 

involves building up the acyl chain in two-carbon units, so fatty acids from natural sources 

almost always have even numbers of carbons in the chain. Nearly all double bonds in 

natural fatty acids are in the cis configuration. Most natural phosphol ip ids have different 

fatty acids attached in the sn- 1 and sn-2 posit ion  of the glycero l res idue, with  the inside 

chain usually being unsaturated and the outer chain saturated. Chains in the sn-2 posit io n  are 

usually longer than those in sn- 1 .  Phospho lip ids from natural sources contain a mixture o f  

fatty acid chains o f  different length and varying degrees of  unsaturat ion. Plant sources have 

h igh levels of unsaturation, while animal sources have h igher proportions o f  fully saturated 

chains (New, 1 990b). 

Phospho lipids are not soluble in water in the traditional sense (G ibbs et al. , 1 999), but when 

d ispersed in water the molecules aggregate to reduce the unfavourable interactions between 

7 
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the bulk aqueous phase and the hydrocarbon chains .  The shape of the specific molecules is a 

major factor in determining which of  a variety of d ifferent structures is most l ikely to be 

formed ( F igure 2-3) .  The hydrophilic and hydrophobic parts of PC are approximately equal 

in s ize, giving it a tubular shape.  This fits wel l  into planar sheets, whi le the polar head and 

s ingle chain of lysophospholipids  result in a conical shape that eas ily forms a spherical 

m icellar structure . 

Species 

Soaps 
Detergents 
Lysophospholipids 

Phosphatidylcholine 
Phosphatidylserine 
Phosphatidylinositol 
Sphingomyelin 
Dicetylphosphate 
DODAC 

Phosphatidylethanolamine 
Phosphatidic acid 
Cholesterol 
Cardiolipin 
Lipid A 

Shape 

Inverted cone 

Cylinder 

Cone 

Organization 

Micelles 

Bilayer 

Reverse micelles 

Phase 

Isotropic 
Hexagonal1 

Lamellar 
(Cubic) 

Hexagonal 2 

Figure 2-3 The effect of molecular shape on the structure of the amphiphilic aggregate (From Lasic, 

1 998). 

2 .3 . 1 . 1  Phosphat idyl cho line 

Phosphatidyl chol ine ( PC) has a glycerol bridge l inking a pa1r of  hydrophobic acyl 

hydrocarbon chains and a hydrophil ic polar headgroup ( phosphocholine). Relatively crude 

extracts of PC may sometimes be referred to as lecithin. PC is the most abundant 

phospho lipid, and can be derived from a number of both natural and synthetic sources, most 

commo nly egg yolk and soya beans . PC tends to have a low relative cost, is chemically 

inert, and has no charge (New, 1 990b) . 

Lysophosphatidylcho l ine ( LPC) has a s ingle fatty acid attached in the sn- 1 pos it ion and is 

formed when the sn-2 tatty acid is hydro lysed by the enzyme phospho l ipase A2 . It is found 
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in smal l amounts in  most t issues as part of  the natural de-acylat ion/re-acylat ion cycle  that 

controls the overall molecular composition o f  the tissue. Careless handl ing during the 

extraction of the lipids may also activate the phospholipase and cause the formation of LPC. 

PC derived from soy o il, egg yolk, bovine brain or  heart, and Escherichia coli is available 

commercially, as are a variety of synthetic forms (S igma Aldrich, 2000-200 I ). 

2 .3. 1 . 2 Phosphat idyl ethanolamine 

Another common phospholipid is the zwitterionic phosphatidyl ethanolamine (PE), the 

major structural phospho lipid in brain tissue. It has an unsubstituted ammonium group that 

is protonated at neutral pH (New, l990b). This phospho l ip id has a tendency to form 

reversed hexagonal structures rather than the l inear bilayers of PC ( Figure 2-3), which can 

create stabil ity problems at high PE concentrat ions. 

Commerc ial isolates derived from soy o il, egg yo lk, sheep or  bovine brain, and Escherichia 

col i, as well as synthetic forms are available (S igma A!drich, 2000-200 1 ) .  

2 .3 .  1 .3 Other phosphatidic acid derivatives 

Phosphat idyl inos itol (PI ) and phosphatidyl serine (PS) may also be found in some lec ithin 

fractions. Both PI and PS are commercially extracted from soy oil or  bovine brain, with P I  

also commercially derived from bovine l iver ( S igma Aldrich, 2000-200 1 ) .  

2 . 3 . 1 . 4  Sphingo l ipids 

Sph ingol ipids are mainly found in the ce l l  membranes of animals and higher-order plants ,  

and can be split into two groups . Sphingophospholipids are phosphol ipids with a 

sphingosine backbone, while sphingoglycol ipids are sugar-containing l ip ids w ith  a 

sphingosine backbone, where o ne or  more sugars are l inked to the primary hydroxyl group. 

I n  sphingomyelin (SM) ,  the replacement o f  ester groups by ether linkages increases the 

res istance of such l ipids to hydrolysis without s ignificantly affecting the p hysical properties 

of the membranes (F igure 2-4). The molecules are cylinder- l ike (Barenholz and Thompson, 

1 999), and favour the format ion of a bilayer structure in an aqueous environment ( F igure 2-

3). 

9 



Chapter 2: Literature review 

NH 

Figure 2-4 Basic structure of sphingomyelin 

Most commercially-available sphingo lipids are extracted from egg yolk and bovine brain 

(S igma Aldrich, 2000-200 1 ), although sphingo l ipids extracted from milk are now available 

from spec ialist l ipid companies such as Avanti Polar Lipids (Alabama, USA) .  

2.3.2 Differences between phospholipid sources 
There are a large number of different sources for extracting phospho lipids for use in 

l iposomes .  The most common natural sources include soya o il, egg yo lk, bovine brain, and 

Escherichia coli. Synthetic forms are also available for many phospho lipid classes. E ach 

source has a different fatty acid profile, as shown in Table 2-3. 

Table 2-3 Percentage fatty acid composition of phosphatidylcholines extracted from different sources. 

Type of fatty acid Fatty acid composition (%) 

Egg PC Milk PC Soy oil PC 

(Weiner, 1 995) (Cerbulis el al., 1 983) (Weiner, 1 995) 

1 4:0 Myristic 2 . 2  

1 6:0 Palmitic 32 36.9 1 2  

1 6: 1  Palmitoleic 1 . 5 <0 . 2  

1 8:0 Stearic 1 6  9 2 . 3  

1 8: I Oleic 26 46.3 1 0  

1 8:2 Linoleic 1 3  5 .6 68 

1 8:3 Linolenic <0.3  <0 .5  5 

2 0:4 Arachi donic 4 . 8  <0. 1 

2 2:6 Docosahexaenoic 4 .0  <0 . 1 
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2 . 3 .2 . 1 Soya beans 

Phospho l ipids extracted from soya beans are the most common m both the food and 

pharmaceutical industries . Soya o il is produced in large quantit ies for numerous 

appl ications, and as crude lecithin is by-product of the o il processing, there is a ready supply 

of cheap raw material. This is usual ly reflected in the low relative cost of soy phospho l ip ids, 

w hich can be purchased for less than NZ$ 1 0/kg for orders of 20-25kg. According to the 

American Lecithin Company (Connecticut, USA), the primary phospho l ip id components of  

soy  lecithin are 1 3 - 1 8% phosphatidylcholine (PC), 1 0- 1 5% phosphat idylethanolamine (PE) ,  

I 0- 1 5% phosphatidyl inos itol (PI ) ,  and 5- 1 2% phosphatidic acid (PA) .  These wil l  of course 

vary with the type of processing and degree of purificat ion. H ighly purified or special ly 

processed soy phosphol ip ids can fetch prices over NZ$500/g (S igma Aldrich, 2000-200 1 ) .  

The fatty acids in phospholipids o f  soya or igin tend to be unsaturated, predominantly oleic 

acid ( 1 8 :  l )  and lino le ic acid ( 1 8:2)  (Table 2-3 ) .  

2 .3 .2 .2 Milk 

Whole bovine milk contains between 3 . 5  and 5% total l ipid. Of this, approximately 98% of 

t he total l ipid is triacylglyercol, with only 0 . 5  to l %  phosphol ipid (Checkley et a!, 2000). 

At time of writ ing, Fonterra Co-operative Ltd (New Zealand) is the o nly company in the 

world iso lating and purifying dairy phospholipid fractions from buttermilk on a commercial 

bas is . A range of d i fferent fractions varying in purity are avai lable, and these are 

s ummarised in Table 2-4. I n  2002, prices for the dairy fractions ranged from NZ$50-400/kg 

depending on  purity of the fraction and quantity ordered. 
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Table 2-4 Composition of dairy phospholipid fractions commercially available as supplied by Fonterra 

Co-operative Ltd ( New Zealand) ('% ). 

Component Phospholac 500 Phospholac 600 Gangolac 600 

( %.) ('%) ( '% )  

Lipid 87.3 83 .5  26.8 

- P C  1 4 . 3  3 6 . 8  5 . 0  

- PS 4.6 5 . 2  4 . 2  

- PE 7 .6 9 .6  2 . 1 

- Sphingom yelin 7 .4  1 8.2 2 . 0  

- Gangliosides (not given) (not given) 1 . 2 

Lactose 5.1 6 . 2  62 .6  

P rotein (not given) (not given) 9 . 3  

Moistu re 3 . 2  2 . 6  3 . 6  

Ash (not given ) l l.S 7 . 2  

2 .3 .2 .3  Egg 

Phospholipids obtained from egg yolks are usually expens1ve, presumably due to the 

increased price and reduced availabil ity o f  the raw material compared with other 

phospholipid sources . Prices range from NZ$ 1 000/kg to NZ$3000/g (S igma Aldrich 2000-

200 1 ) . The fatty acids in egg yolk are mainly oleic and l inoleic acid ( Pheko et al., 1 998) 

( Table 2-3 ) .  

2 .3 .2 .4 Others 

Phosphat idyl choline extracted from bovine brain is also available, and is priced at around 

NZ$200 for l OOmg ( S igma Aldrich, 2000-200 l ) . 

2. 3. 3 Phospholipids and human health 

Apart from the functional advantages of  including l iposomes  in food systems,  there are also 

nutrit ional and other health benefits that come from the presence of the phospholipids. 

1 2  



Chapter 2: Literature revieH' 

Phosphol ip ids have been shown to have benefits inc luding l iver protection ( Koopman et a{, 

1 985 )  and memory improvement (Crook et al . ,  1 992, 1 99 1 ) . Cho line (a major component of 

phosphatidylcho l ine) is an essential nutrient, and its  deficiency can lead to more rapid 

exhaust ion of muscles. Phosphatidylchol ine may also assist in cholesterol reduction. 

Sphingol ip ids are required for cellular s ignal ing, and have been shown to be involved in the 

control of cel l  proliferation, apoptosis, inflammation and cancer, A comprehens ive review 

of sphingolipid structure and physio logical funct ion is provided by Huwiler et al. (2000). 

Sphingomyelin inh ibits  intestinal absorption of cholesterol and fat in rats, with mi lk 

sphingomyel in more effective than egg sphingomye l in (Peel, 1 999) .  

2. 4 Liposomes 

The word ' l iposome' derives from two Greek words, lipo - fat ,  and soma - structure. I t  

refers to a spherical-shell structure consisting of a phospholipid bilayer (or two or more such 

bilayers separated by l iquid regions) enclosing a l iquid core . During the formation of  the 

l iposome, hydrophobic material may be incorporated in the l ip id membrane while 

hydrophil ic molecules present in the aqueous p hase may become trapped inside the 

l iposome. Thus l iposomes can encapsulate both hydrophilic and hydrophobic compounds 

within a s ingle structure. 

The main differences between a l iposome and an e mulsion droplet are shown in Figure 2-5 .  

An emuls ion forms when small droplets are stabil ised in an immiscible phase (often o il- in­

water or water-in-o il) by a s ingle layer of amphiphi l ic material. To form a stable emulsion 

the droplets are usual ly around 1 - 1 0  micron or 1 ,000- l 0 ,000 nm in d iameter. L iposomes  

have the same aqueous phase on both s ides of the phosphol ipid bi layer, and tend to  be 

approximately 50-500 nm in d iameter. 
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50-SOOn m 1,000-lO,OOOnm 

water 

Figure 2-5 Schematic of a liposome ( left) and an emulsion droplet ( right). 

L iposomes protect their contents from the external environment while st ill allow ing small 

molecules to pass in and out of the membrane (G ibbs et al. , 1 999) . They imitate l iv ing cells, 

and have been used to model the structure and function of biological membranes. They  are 

b iological ly  compatible w ith the skin and body, and so have been used in a wide variety of  

pharmaceutical and cosmetic systems. L iposomes  can also be  used to  delay the release of  

the encapsulated material ( Arnaud, 1 995a) . The most common method of release is w here 

the entrapped material slowly diffuses out through the phospholipid membranes as the 

concentrat ion  in the external phase decreases. 

L iposomes are much smaller than other types of microencapsulation systems used in foods, 

and so can achieve much higher levels of d ispers ion (K irby, 1 99 1 ) . Despite their much 

smaller s ize, they are apparently more stable than most other capsules. 

2. 4. 1 L iposome formation 

When phosphat idyl choline is dispersed in water, the molecules  aggregate and form a b ilayer 

sheet arrangement to minimise contact between the hydrophobic fatty acid chains and the 

hydrophil ic aqueous environment. However, there are st ill exposed hydrophobic fatty acids 

at the edges of the sheet . The unfavourable interactions between the fatty acid and the water 

are completely el iminated when the edges fold together to form closed sealed ves icles (New, 

l 990b). While this arrangement is at the minimum thermodynamic energy for the s ystem 

(Martin, 1 990), sufficient energy must be introduced to overcome the energy barrier 
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prevent ing the spontaneous formation of  liposomes .  The major steps in l iposome formation 

are shown sche matical ly in F igure 2-6. 

D 0 

Q 

C] 

d 

v v 

l .  Phospholipids a re dispersed in wate r togeth e r  

with h yd rophilic and h yd rophobic material 

2. Phospholipids aggregate into a bil a ye r  

structure .  H yd rophobic material i s  inco rporated 

into the memb rane. 

3. Input of ene rgy (heat , sound, or mechanical) 

o ve rcomes the activation ene rg y  requi red for 

liposome fo rmati o n. and the bi laye r  sheet 

cu rve s a round to fo rm a c losed sphe rical 

st ructure - a liposome . S ome of the h yd rophilic 

mate rial in the en vi ronm ent m a y  be t rapped 

ins ide the aqueous core of the liposome du ring 

fo rmation. 

Key 

, Phospholipid molecule 

v Hydrophi Ire molecule 

(/ Hydrophobrc molecule 

Figure 2-6 Schematic representation of the basic steps in  liposome formation 

The thermodynamic stab ility of any c losed system near equil ibrium is determined by the 

G ibbs free energy (G) of the system, given by the equat ion: � G = � H (enthalpy) - T� S 

( entropy) . I f  a negative value of G exists between two states, the proposed reaction is 

favourable. L iposomes have the lowest possible enthalpy value for the system, but all the 

molecules are lined up in an orderly fashion, so the system has a lower entropy value than 

emulsions or random structures .  This means the reaction is temperature-dependent, and at 

ambient temperatures the � G for formation of l iposomes is always negat ive . However, for 

the reaction to proceed, the system needs to overcome the required activation energy. This 

energy can be provided by a var iety of  sources, including mechanical, heat, and sound. The 
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type of energy used may influence l iposome characteristics such as s ize and lamel larity ( Kim 

and Baianu, 1 99 1 ) . 

The size of  the phospholipid molecule headgroup wil l  influence its posit ion in the l iposome 

membrane, with those with smaller headgroups (P I ,  P A, PS) preferentiall y  occupying the 

inner bilayer, and PC on the outer shell (New, 1 990b) . Different phospholipids will g ive the 

l iposome different charges, w ith  PE giving the surface a posit ive charge, and PS or diacetyl 

p hosphate a negative charge (Jackson and Lee, 1 99 1  ) .  

The format ion o f  large numbers of t iny vesicles results i n  a dramatic increase i n  surface area. 

Arnaud ( 1 998)  estimates that I g of p hosphol ipid made into liposomes would give an 

external surface area of about 200 m2 . 

2. 4. 2  Phase transition 

T he ordering of the phosphol ipids within a l iposome bilayer membrane depends on  

temperature. Regions with an  ordered, gel-l ike structure and regions with a fluid, liquid­

crystal character are both present, with the equil ibrium between the two shifting its pos it ion 

over a temperature range that is determined by the types of phospholipids and fatty acids 

present . H igher temperatures favour the more permeable fluid phas e ;  lower temperatures 

favour the more dense gel phase . The temperature at which equal proportions o f  the two 

phases coexist is known as the crit ical temperature or phase transition temperature (Tc) ( L ian 

and Ho, 200 1 ) .  Different phosphol ipids exhibit different Tcs. The Tc  of  a heterogeneous 

membrane is usually equal to the weighted average of the T cs of its component 

p hospho lipids. As the l iqu id-crystal phase allows phospho l ipid molecules more freedom of 

movement, the membrane flu id ity is dependent on  temperature. 

The phase transit ion temperature of a l iposome is the basis for explaining a wide variety of  

character istics and behaviours, including membrane permeabi l ity. Membrane permeabil ity 

is at its h ighest at the Tc. This is because at points where the gel-like and liquid-crystal-l ike 

phases meet, the membrane molecules are unable to maintain the structured arrangements 

typ ical o f  e ither phase, leading to numerous defects in their packing along the phase 

boundaries. It is much easier for entrapped material to diffuse through these less structured 

areas than through areas composed entirely of one phase. Therefore, the release of entrapped 
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material may be controlled by c arefully selecting a membrane compos it ion  that has a Tc 

corresponding to the desired release temperature . For example, a flavour might be entrapped 

inside l iposomes  and the l iposomes incorporated in a chi lled product. When the food is 

consumed, the fl avour needs to be released quickly while it is in the mouth. Using a 

l iposome with a Tc close to body temperature will help maintain stabi l ity in chilled 

condit ions, but allow immediate release in the mouth. 

The specific phosphol ipids used in the l iposome membrane are fundamental in determining 

phase trans ition temperature (section 2 .3 ) ,  although there is evidence that the type of 

phospholipid vesicle formed can affect Tc ( section 2 .4 .4 . 5 ) .  The phase trans it ion of a 

membrane is also influenced by the presence o f  non-phospholipid molecules such as sterols. 

In general, phospholipids from animal sources contain a higher proportion o f  saturated fatty 

acids than those from plant sources. This is reflected in the phase transition temperatures 

(Table 2-5 ) .  Egg yolk phospho lipids tend to  have Tcs higher than plant phosphol ip ids  but 

lower than those from mammalian membranes (G ibbs et al., 1 999) .  Mammal ian 

phospho !ipids produce membranes with Tcs between 0 and 40 oc while membranes made of  

unmodified soy  phospholipids have Tcs below ooc and those from egg yolk lecit hin usually 

have Tcs between - 1 5  to -7 oc ( Re ineccius, 1 995b) . 

Table 2-5 Phase transition temperatures (°C) of fully hyd rated phospholipids from various biological 

sources. 

Source Phase transition temperature ("C) 

PC PE PS PG PA 

Egg yol k -10 ± 5 1 0  ± 2 ]8  

Egg yol k (hydrogenated) 46 

Soybean -1 5 ± 5 -5 

S oybean (hydrogenated) 51 

Bovine brain or spinal chord 1 3  ± 3 

E. coli 30 ±8 3 6± 2  

From Cevc (1993)  
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2. 4. 3 Effect of sterols on liposome characteristics 

Sterols are amphipathic molecules that are important components of most natural 

membranes. They do not form b ilayer structures by themselves, but can be incorporated into 

membranes in very high concentrat ions. Cholesterol is the most common sterol associated 

with l iposome manufacture, with a 1 : 1  molar ratio of cho lesterol to phosphatidyl choline 

commonly used, and ratios as high as 2: 1 reported (Chapman, 1 984; New, l 990b) . Chapman 

( 1 984) expresses doubt regarding concentrations higher than this, suggesting that the 

addit ional cholesterol may be d ispersed as fine crystals . Almost all l iposomes used for 

pharmaceut ical purposes have quite a large proportion of cho lesterol in the liposome bi layer. 

When included in a phospho lipid membrane, the polar hydroxyl group of the sterol orients 

itself towards the aqueous phase, and the aliphatic, cycl ic section of the molecule al igns 

parallel to the acyl chains in the centre of the bilayer (Reineccius, 1 995b) .  Stero l molecules 

are very rigid and reduce the freedom of motion of the upper section of neighbouring 

phospho lipid chains ( New, l 990b) . This contributes to the stability of  the l iposome and 

reduces the permeabi l ity of the membrane ( Re ineccius,  1 995b). The result ing increased 

rigid ity of the membrane and t ighter packing of the phospholipid molecules reduces the 

membrane permeabil ity both at and above T c ( L ian and Ho, 200 1 ). By including 

approximately 50 mol% cholesterol the increase in permeabi l ity usually observed at the Tc 

may be avo ided. This effect may be usefu l  in some potential food applications where the Tc 

of the otherwise most suitable phosphol ip id mixture has an undesirable value . However, 

care must be taken to ensure cholesterol concentrations are sufficient, as L ian and Ho (200 1 )  

reported that the incorporation  o f  cho lesterol at low concentrations may actually increase 

membrane permeabi l ity .  

Despite the potential benefits of adding cholesterol to l iposomes, this is not considered a 

v iable poss ibil ity in the food industry. Cholesterol is an expensive additive (approximately 

$ 1000/kg (S igma A ldrich, 2000-200 1 )) ,  and would dramat ically  increase the cost of 

l iposome production, especial ly at the high concentrations used in most studies .  Consumer 

concern about dietary cho lesterol and heart disease would also be an issue, regardless of the 

fact that the amount of cholesterol added through use of l iposomes as foo d  components 

would be ins ignificant (Re inecc ius, 1 995b) .  
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2. 4. 4 Liposome structure 

There are a number of different l iposome structures that may be formed, varying both in 

terms of overall l iposome s ize and the number of concentric bilayers contained within each 

ves icle (F igure 2-7) .  These d ifferences can affect a number of l iposome characteristics, 

including stabi l ity and the rate of release of entrapped material. Details on methods for 

determining lamellar ity of l iposomes are g iven in section 2 .6 .4 .  

50 n m  

Bilayer 
membrane 

Smal l  uni lamel lar 
vesicle 

Large uni lame/ lar 
vesicle 

M ulti lamel lar 
vesicle 

Figure 2-7 Diagram showing the structural characteristics of the three most common types of liposome. 

2 .4.4 . 1 S mall unilamel lar vesicles ( SUVs) 

S mall unilamel lar ves icles (SUVs) have diameters between 0 .02 and 0 .05 )..lm (Table 2-6) 

and only a s ingle bilayer membrane. The theoretical minimum d iameter poss ible for a 

l iposome is 0 . 02-0 . 025 )..lm ( Re ineccius, 1 995b), l imited by the surface curvature (resulting 

in crowding of the phospho l ip id headgroups) (New, l 995b) and the thickness o f  the 

phospho lipid bilayer (about 4nm) (Watwe and Bellare, 1 995) .  SUV populations tend to be 

well-character ised, homogenous in s ize and with  consistent properties (New, 1 995c) .  

However, the s ingle b ilayer does tend to be quite permeable, particularly to water-soluble 

molecules . 

With SUVs, the entrapped volume varies as the cube o f  the radius. This results in a rapid  

decrease in entrapped volume as the vesicle s become smaller, leading to low entrapment 

efficiency. Because SUVs entrap less hydrophilic phase per mole of wal l  material, they are 

more useful  tor l ipophilic active materials. Their use is not recommended if the wall 

material is expens ive and it is the aqueous phase that is desired. (Reineccius, 1 995b) .  
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Table 2-6 Size limits for small unilamellar vesicles (SUVs). 

Reference Lower size limit Upper size limit 

(micron) (micron) 

Arnaud ( l995b)  0 .02 0 .05  

Martin ( 1 990) 0.02 0 .05  

New ( l990b) 0 .025 0 .05  

Reineccius ( 1 995b) 0 .025 0 . 04 

W atwe and Bel l  are ( 1 99 5 )  0 .02 0 .05  

Weiner ( 1995 )  0. 02 5  0 .05 

Martin ( 1 990) stated that l iposomes were most thermodynamically stable when the packing 

density o f the phosphol ipids present in each monolayer of the bilayer was roughly the same. 

Very small I iposomes may develop packing d ifferentials due to the extreme curvature of the 

membrane. New ( 1 990b) reported that in l iposomes vvith diameters of  approximately 25nm, 

packing geometry dictated that over 70% of the phospholipids were in the outer layer. This 

could lead to physical instability such as coalescence and fusion (Martin, I 990; New, 

1 990c,b; Reinecc ius, l 995b ) .  There are contradicting reports regarding the et1ect of 

temperature on the rate of fus io n, as Reineccius ( 1 995b) commented that fus ion  was most 

l ikely to occur at or above transition temperature, while New ( l 990c) asserted that SUVs are 

p articularly susceptible to fus ion  below the phase transit ion  temperature. Both authors 

agreed that fusion  increased at the phase trans ition temperature, so if storage condit ions  are 

close to the transition temperature, the inclusion  of sufficient cholesterol to reduce or remove 

the trans it ion is o ften used to increase l iposome stabil ity. SUVs are particularly suscept ible 

to degradation in the presence o f  biological molecules, so they are useful if the rapid release 

of l ip id soluble materials is required (New, 1 995b) .  An e xample of such an applicat ion is 

where the ent ire contents of the l iposomes are required in a short sharp burst - like the 

del ivery of proteins for a vaccinat ion .  

The standard preparation method for SUVs is  through the sonicat ion of ML Vs (sect ion 

2 .4 .4 .3)  (Chap man, 1 984; Jackson and Lee,  I 99 1 ;  Kim and Baianu, 1 99 1 )  , or the extrusion 

of a ML V solut ion through a French pressure cell (Hamilton and Guo, 1 984) or membrane 

(Schneider et al. , 1 994; T uranek, 1 994) .  Chapman ( 19 84) also mentioned that the injection 

of  an ethanolic solution of phospholipid through a small-bore needle into a rapidly agitated 

aqueous solution  would produce SUVs similar to those formed during sonication. I n  
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general, the production o f  SUVs requires a high energy input, which is not only expensive 

but also increases the risk of lipid peroxidation and hydrolysis (New, 1 995c) _  

New ( 1 990c) commented that SUVs were not able to be produced on  commercial scale -

bath sonicat ion  is not powerful enough to deal rapidly with high lipid concentrations, and 

ethanol inject ion results in dilut ion of the lipids in large volumes of aqueous medium. He 

recommended probe sonication and the French Pressure Cell technique for small-scale use .  

2 .4 .4 .2 L arge unilamellar ves icles ( LUVs) 

L arge unilamellar vesicles can be produced by the slow inject ion  of ether solution and l ip ids  

into a phosphate buffer (Jackson and Lee ,  1 99 1 )  or  the fusion  of acid  phospho lipid SUVs in 

the presence o f  calc ium (New, 1 995b) . T able 2-7 shows s ize ranges given in the literature 

for LUVs.  

T able 2-7  Size limits for large unilamellar vesicles ( LUVs). 

Reference Lower size limit l!pper size limit 

(micron) ( micron) 

Amaud ( !  995b) 0 . 1 5  0 . 5  

Chandran e t  al. ( 1 997)  0 . 1 None given 

Reineccius ( !  995b) l O  None given 

Watwe and Bellare ( 1 995) 0 . 06 None given 

Weiner ( l 99 5 )  0 . 1 0 . 5  

L UVs have the highest aqueous phase to phosphol ipid ratio, and are therefore very effic ient 

at entrapping large volumes of hydrophil ic material (New, 1 990c;  Arnaud, l 995c;  

Reinecc ius, 1 995b) .  Mechanical instabil ity can be a problem due to  the s ingle membrane, 

and retention of water-soluble and low molecular weight solutes may also be an issue (New, 

1 990c; Arnaud, 1 995c) . Reineccius ( 1 993b) stated that the fragility of LUVs may prevent 

them from surviving a food process ing operation. However, New ( 1 990c) reported that 

LUVs were very good for active loading (see section 2 . 7) .  

2 .4 .4 .3 Multilamellar vesicles ( ML Vs) 

Multi-lamellar vesicles (ML Vs) are the most heterogeneous of the common types of 

l iposome .  The term covers a wide range of particle s izes (Table 2-8) ,  with the defining 
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characteristic being the presence of  more than one membrane. The standard preparation 

procedure is via the rotary evaporation of a c hloroform solut ion of phospholipid, cho lesterol 

and other hydrophobic compounds to give a thin phospho lipid fi lm. Addition of water and 

hydrophil ic compounds causes b ilayer sheets o f the l ipid to separate from the bulk and form 

l ip osomes with alternating membrane and hydrophophilic phase (Jackson and Lee, 1 99 1 ;  

P icon et al. , 1 994). 

Table 2-8 Size limits for multilamellar vesicles ( MLVs). 

Reference Lower size limit Upper size limit 

(micron) ( micron) 

Amaud ( ! 995b) 0 . 1 5  0 . 5  

Reineccius ( 1 995b) 0. 1 1 

Watwe and Bel lare ( 1 99 5 )  0 . 1 6 

Weiner ( 1 99 5 )  0.05 1 0  

ML V s  are mechanical ly stable upon storage for long periods (New, 1 995c) .  New ( 1 990b) 

commented that ML Vs were thought to give much more gradual and s ustained release of 

material than unilamel lar !iposomes .  The concentric r ings gradually degrade, slowly 

releasing the entrapped material . The high proportion of phospho lipid material in the 

l iposome means ML Vs are very et11c ient at entrapping hydrophobic actives .  ML Vs may not 

be the most efficient means of carrying hydrophil ic actives, as having more than one 

membrane gives less entrapment volume for given s ize . The minimum l ip id  for aqueous 

space ratio is achieved with unilamellar ves icles ( Re ineccius, 1 995b) . 

2 .4.4 .4 Other structures 

There are a number of other types of liposome.  Some of these are only mentioned in the 

work of a s ingle author, while others appear more frequently. Many types of l iposome may 

have at least two names, one based on structure and the other on the method o f  production. 

T he most commo n  of  these additional terms is intermediate unilamellar ves icle ( IUV), which 

Reineccius ( 1 995b) defined as having a d iameter of approximate ly l OO nm. New ( l 990b) 

also used this term for liposomes of this s ize, commenting that while the term is not often 

used in the l iterature, it is useful for convenience and to avoid confusion. Arnaud ( 1 995b) 

mentioned o ligo-lamellar l iposomes, defined as those that are generally smaller than ML Vs 

with fewer lamellae. They are reported to combine high entrapped volume with good 

22 



Chapter 2: Literature review 

retention capacity. Watwe and Bellare ( 1 995) also used this term, but did not include any 

details on this sort of  l iposome. Other shapes and structures encountered include g iant 

unilamellar, multivesicular, stable p ausilamel lar, helical, and cochleate (Watwe and Bel lare, 

1 995) .  

The naming system based on the production method is  quite self-explanatory. For example, 

l iposomes made through the dehydration-rehydration method are sometimes referred to as 

dehydration-rehydrat ion vesicles (P icon et al. ,  1 994) .  or dried-reconstituted vesicles (New, 

1 995c) ,  both abbreviated to DRY. Those produced in a Microfluidizer may sometimes be 

called micro-emulsification l iposomes ( MEL),  and those made by reverse-phase evaporation 

are often called reverse-phase evaporation vesicles ( REV) (New, 1 995c). There are many 

other s imilar abbreviations used in the l iterature, but the term is usually defined in the 

specific reference so there is no need for a complete l ist to be given here. 

2 .4 .4 .5  Effect of l iposome type on phase transit ion 

I t  has been reported that the type of phosphol ipid vesicle may also influence Tc .  Hays et a! 
(200 1 )  stated that for the same phospholipid composit ion, the phase transit ion temperature of  

sonicated dielaidoyl-phosphat idylcho line ( DEPC) ves icles was approximately 5 °C, 

compared w ith 1 0  oc for LUVs, and 9 oc for MLVs. 

2. 4. 5  L iposome composition 

PC tends to be the material of cho ice for l iposomes as the hydrophilic and hydrophobic parts 

of the molecule are of equal s ize. This creates a tubular shaped molecule, which easily 

aggregates into planar sheets (Figure 2-3 ) .  Other phospho lipids that do not tend to form 

l iposomes on their own may be added to modify the net charge .  Phosphatidylsterine, 

phosphatidylglycerol, phosphat idyl inos itol  and phosphatidic acid all promote e lectrostat ic 

repulsion, preventing aggregation or fusion  (Martin, 1 990; Weiner, 1 995) .  The inclus ion o f  

charged phosphol ip ids will also increase the d istance between concentric membranes in 

MLVs, thus increas ing entrapped volume (Martin, 1 990) .  Levels of between 5-20 mol % of  

charged species  have been suggested (Martin, 1 990;  Weiner, 1 995) .  For  natural PCs, the 

thickness o f  the b ilayer membrane that is formed is approximately 4-5nm ( Watwe and 

Bellare, 1 995) .  
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S M  has a more highly ordered gel phase than phosphatidyl choline, which may be exp lained 

by the hydrogen bond interactions permitted by the amide l inkage and hydroxyl groups in 

SM. This h igh degree of order is l ikely to be respons ible for tendency o f S M  membranes to 

demonstrate higher stab i l ity and be more t ightly packed than lecithin bilayers, result ing in a 

lower permeabi l ity to solutes, greater res istance to lys is  by bile salts, and reduced membrane 

fluidity (New, 1 990b; B arenholz and Thompson, 1 999) . S Ms tend to be much more 

saturated than other naturally-occurring phospholipids, and may also have longer acyl 

chains. This results in a higher phase transit ion temperature than for most other membrane 

phospho lip ids, and for S Ms from bio logical membranes the phase transit ion temperature is 

usually around 37 oc ( Barenholz and Thompson, 1 999). PE molecules are able to form 

hydrogen bonds with neighbouring molecules, and saturated 

PEs have transit ion temperatures approximately 20°C higher than the ir PC analogues .  At 

low pH, the PE molecule becomes more protonated, reducing hydrogen bond ing and 

result ing in transition temperatures similar to PC (New, l 995b) .  Charge neutralisation 

means that l iposomes w ith high levels of PE tend to aggregate in the presence of  Ca2+ and 

Mg2+ ions (van Nieuwenhuyzen and Szuhaj, 1 998) .  PC-enriched fractions are insens itive to 

Ca2 t  and Mg2+ ions, and are therefore suitable for systems with hard water and in the 

presence of milk proteins (van N ieuwenhuyzen and Szuhaj,  1 998) .  

Negatively charged phospho lipids such as  PS can bind strongly to  cat ions, particularly 

d ivalent cations such as magnesium and calcium. This binding reduces the electrostatic 

charge on the molecule ,  and if the membrane has a h igh proportion of these phosphol ip ids, 

may cause it to condense. This increases  the packing dens ity in the gel phase and therefore 

raises the transition temperature (New, l 995b).  The reduction in electrostatic repulsion  also 

can result in the aggregation of  l iposomes.  New ( l990c) reported that the presence of 

negat ively charged l ip ids  in the so lution tended to reduce l iposome s ize, while c ho lesterol 

increased the average d iameter . L iu et al. (200 1 )  used second harmonic generat ion  (SHG) to 

study both the adsorption of a posit ively charged organic dye onto l iposomes o f  different 

l ip id compos it ions, and the transport kinetics of the dye across the l iposome b ilayer. S HG 

shines a beam of monochromatic l ight onto a s urface, and lack of symmetry at the s urface 

can lead to the generation of l ight at a frequency twice that of the incident l ight ( i . e .  the 

second harmonic) .  This allows surface phenomena including molecular adsorption, 

aggregation and orientation to be studied .  As expected, dye adsorption increased l inearly 
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w ith  the fraction of  negatively charged lipids in the bilayer . The transport rate constant for 

crossing the bi layer also increased linear ly w ith the fraction of negatively charged l ip id 

pre sent. 

T he most stable l iposomes are made of PC, cholesterol and a negatively charged 

phospho lipid in the ratio 0.9: 1 : 1  (New, 1 995c ;  Reineccius, 1 995b). Frezard ( 1999) stated 

that a zwitterionic or non- ionic l ipid was usually used as the basic  l ipid for l iposome 

pro duction, with charged phospho lipids added to modify the net surface charge as des ired. 

New ( l990b) commented that in many cases sphingomyel in may be preferable to lecithin, 

p articular ly for immunological app l icat ions, but this cho ice was usually restricted by cost. 

S aturated fatty acids are more r igid than their unsaturated counterparts, and can be used in 

combinat ion with or independently from cholesterol and tocopherols to decrease 

permeabil ity and increase stabil ity (Jackson and Lee, 1 99 1  ). Saturated fatty acids are also 

less l ikely to cause membrane degradat ion through peroxidation and the release  of free 

r adicals ( Reineccius, 1 995b ) .  

Maximum stabi l ity is not always desir able, and l iposomes that rapidly release the ir contents 

are required for some applicat ions ( Re ineccius, 1 995b) .  For example, a flavour might be 

encapsulated inside a l iposome and incorpor ated inside a chil led product. When the foo d  is 

consumed, the flavour needs to be releas ed quickly while it is in the mouth, as there are no 

tastebuds further along the d igestive tract. Using a l iposome with a phase trans it ion 

temperature close to body temperature will help maintain stabil ity in chil led conditions, but 

w ith a release of entrapped mater ial when the food is heated to body temperature d uring 

consumption (New, 1 995b). 

The bilayer membrane is held together by non-covalent interactions, allowing it to carry a 

w ide variety of  l ipophilic compounds. The inclusion of  these 'carr ied' molecules at up to 

approximately 1 0  wt. % will not usually cause significant d isruption to the membrane (New, 

1 995c ;  Reineccius, 1 995b), although New ( l 990b) ment ioned that membrane fluidity and 

permeab il ity may be affected. Compounds which interact with the membrane in a 

favourable manner may be included at higher concentrations (e .g .  fatty acids or 

a.-tocopherol) while other materials wil l  readily d isrupt the membrane at much lower levels 

(e .g. some polyene antibiotics) (New, 1 995c) .  Table 2-9 s ummarises the effects that changes 

in the phosphol ipids present can have on  the l iposome membrane. 
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Table 2-9 Attributes of h ead and fatty acyl groups of commonly used phospholipids. 

Domain E ffect on liposome Functional attribute on 
membrane l ipid bilayer 

Tw·o tail-group/(my acid chains (CJ.I-18 in 

length) 

- increase degree of saturation Increase rigidity, decrease Elevate T, 

fluidity 

- increase chain length in both chains Increase thi c kness of bilayer Elevate T, 

- varying saturation and length between the two Decrease order of membrane Lower T" ( compared to 

fatty acid chains pac king (i .e.  more disorder) phospholipid with two 

identical fatty acyl tai ls)  

Head group 

- choline: -CHrC HrN(CHl)1 Some surface hydration Neutral charge 

- ethanolamine: -CHr C Hr N Hl Minimum degree of surface Neutral charge 

hydration 

- serine -CHrCH(COO-)- N Hl S ome surface hydration Negative charge 

- glycerol -CH2-C(OH)CH20H S ome surface hydration Negative charge 

- PEG (ethanolamine): -CHrCHr NH-PEG Enhanced surface hydration Negative charge 

and steric effect 

Ta ken from L1an and Ho (200 J ) 

Yosh io et al. (200 1 )  observed that membrane flu idity was s ignificantly higher in l iposomes 

composed of unsaturated phospholipids than in those made of saturated phosphol ip ids .  As 

nearly al l double bonds in natural unsaturated fatty acids are in the cis configuration (New, 

l 995b ) ,  the unsaturated phospholipids do not pack as closely as the saturated ones .  Greater 

packing impedes freedom of movement, thereby reducing permeability and increasing 

membrane stabil ity. I ncreased packing density in the gel phase raises the phase transit ion 

temperature (New, 1 995b). 

Unmodified soy phospho l ip ids have phase transit ion temperatures below ooc (Table 2-5) .  

This  means that the membrane composed of these lipids would be in the l iquid state at  all 

temperatures from refrigeration through to body temperature .  L iposomes  are most stable 

below their phase transition temperature (sect ion  2 .4.2) .  L iposomes for use in drug del ivery 
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usually require a long shelf- l ife and cannot be administered in frozen form, so hydrogenated 

phospholipids with much h igher Tc 's  are commonly used. 

2. 5 Liposome preparation methods 

There is a great deal of variat ion  between techniques in terms of  l iposome s ize d istribution, 

entrapment efficiency and stabi l ity. Each technique has certain advantages and 

d isadvantages that determine its suitabi l ity or otherwise for a specific appl ication. As a 

number o f  excel lent reviews have been publ ished that provide preparation details for the 

more common currently used preparation techniques and result ing l iposome characteristics 

(New, l 990a,b,c ;  Kim and Baianu, 1 99 1 ;  Hauscr, l 993a; Reinecc ius, l 995b;  Watwe and 

Be llare, 1 995 ;  Betageri and Kulkarni, 1 999; Frezard, 1 999; Zeis ig and Cammerer, 200 1 )  

these matters will not be discussed in more detail here. 

P hospholipid membranes form spontaneously as a result of unfavourable interactions 

between phosphol ipids and water, and thus l iposome-l ike structures can be produced 

relatively eas ily. The d ifficulty in making l iposomes is in getting these membranes to form 

ves icles o f  the right s ize and structure which entrap the desired materials with h igh 

e ffic iency  and retain these materials for the required length of t ime (New, 1 995c) .  Watwe 

and Bellare ( 1 995)  stated that the ideal preparat ion method should be simple, standardised, 

reproducible and cost eflective. The yield should be homogenous and stable, and the s ize of  

l iposomes able to  be  eas ily controlled. 

A number of techniques are based on  the standard preparation method for MLVs given in 

s ection 2 .4 .4. 3 .  For example, the dehydrat ion-rehydration method sonicates ML Vs to 

produce S UVs, the active material is added to the l iposome solution and the mixture freeze­

dried and rehydrated, causing encapsulat ion to occur (Picon et al. , 1 994) . The French 

pressure cel l  method takes the ML V solut ion and passes it through a small aperture under 

h igh pressure (20,000-40,000 ps i) ,  d isrupting the structure of the l iposomes and caus ing 

them to reform as SUVs (Hamilton and Guo ,  1 984) . 

S mall variations in preparation techniques can make large d ifferences in the characteristics 

of the l iposomes. Weiner ( 1 995)  outl ined a specific method involving the agitation of a thin 

l ip id film and water. The duration and intensity of agitation was varied, and it was reported 
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that 20 hours of  gentle shak ing resu lted in 50% more entrapment than 2 hours v igourous 

shaking, although with a s imilar average liposome size. A few minutes w ith a vortex mixer 

produced l iposomes w ith a smaller average s ize and further reduction in e ntrapment 

efficiency. 

The use of solvents in the preparation of  l iposomes is almost universal. Many techniques 

also use detergents, alcohols, or buffers - compounds that are usually undesirable in food 

products .  There are a variety of  dialysis methods, chromatography techniques, or  dilut ion 

and concentration cycles that may be used to reduce the amount of these materials present in 

the liposome solutions, but some residues always remain (New, 1 995c) .  

Sonication is a common tool used in the preparation of SUVs from ML Vs made through the 

standard thin-film method. Sonication causes ultrasound-driven mechanical v ibrations, 

result ing in cav itation of the larger ML Vs. The force associated with the implos io n  of 

vapour bubbles reduces  the s ize of the ves ic les ( Maa and Hsu, 1 999) . The high localised 

energy dens it ies that occur during sonication can damage heat sensit ive materials (Maa and 

Hsu, 1 999) and it can be difficult to obtain reproducible results on the large scale . A 

relat ively new technique that may avoid these problems involves the use of  a high-pressure 

homogeniser s uch as the Microfluidizer R . 

2. 5. 1 Extrusion 

Extrusion techniques usually involve pas smg a solut ion of ML Vs formed via thin film 

rehydration through a small orifice or a membrane with defined pore s ize .  The solut ion  is 

s ubjected to extremely high shear forces during this process ing, breaking up the structures 

formed in the original mixture, and providing sufficient energy to allow the molecules to 

realign and form liposomes.  

Turanek ( 1 994) used a FPLC system to pass the ML V d ispersion through filters with pore 

s izes of between l 00-400 nm. Hydrophil ic trapping efficienc ies of 56-80% are reported, 

although freeze-thaw processing prior to extrus ion  gave an even higher efficiency. Northern 

L ipids (Vancouver, Canada) , a manufacturer of extruders and accessories for l iposome 

production, reported that 80% of aqueous solute is e ntrapped when a 400 mg/ml l ipid 
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d ispersion  is passed through 200 nm pore s ize filters .  However, New ( l 990c) stated an 

entrapment efficiency of only 30% for extrus ion techniques .  

Advantages of  extrus ion  include the avo idance o f  sonication, the abi l ity to control the s ize 

d istribution by the c ho ice of  filter pore size, the use of a wide range of l ipid concentrations 

(0-400 mg/ml lipid) , and the reported high entrapment e fficiencies. However, there are also 

a number of disadvantages to this method.  In general, extrusion techniques seem very s low, 

working with small volumes and low flowrates (Turanek, 1 994) .  The commercial extrusion 

system offered by Northern L ipids has barrel s izes of between 1 . 5 and 800 ml. They state 

that the maximum batch s ize possible with this equipment is 50 l itres, but there is no 

informat ion on the t ime taken to produce this quantity. New ( I 990c) reported that the filters 

clog easily, and recommended that the use of extruders for the production of l iposomes  be 

l imited to laboratory scale. However, Northern L ipids claim that it is a valid technique for 

use on  a commercial scale. 

2. 5. 2 Microfluidization 

Jackson and Lee ( 1 99 1 )  stated that the large-scale production of liposomes  was l imited by 

poor encapsulat ion efficiencies, the lack of a continuous production process, and the use of 

organic solvents . They concluded that the solution to this problem may be the use of  a 

Microfluidizat ion technique .  Reineccus (200 1 )  also claimed that M icroflu id izat ion  is the 

only commerc ially-feas ible method of l iposome production.  The Microtluidizer R can rap idly 

produce a large volume of  liposomes in a cont inuous and reproducible manner (Chen et al. , 

200 l a), and there i s  no use of  sonicat ion, detergents, solvents or alcohols ( K im and Baianu, 

1 99 1  ). The l iposome population produced appears to be relatively stable, w ithout rapid 

aggregation or fus io n  (Kim and Baianu, 1 99 1 ) . The M icrotluidizer R can handle l ipid 

concentrat ions of 20% or more by weight, much h igher than in most other methods.  

I ncreasing the phosp holipid concentration increases the l iposome concentrat ion .  As the 

Microfluidizer R produces l iposomes with  an approximately constant entrapped volume per 

l iposome, increasing the liposome concentration w ill result in a higher proportion of the 

aqueous phase being entrapped.  This enables the Microfluid izer R to obtain high e ntrapment 

efficiencies for hydrophil ic materials (New, 1 990b). However, although M icrotluidizat ion  
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appears to work very well for the product ion  of small liposomes, it is not suitable for 

producing a unimo dal preparation of large ves ic les (Sachse, 1 998) .  

I n  Microf1u idization, the phospholipid and the material to be entrapped are d ispersed in a 

l iquid phase .  This may be water, an aqueous buffer solution, or a solvent depending o n  the 

solubil it ies  o f the components . The solution is pressurised in continuous tlow, and spl it into 

two streams which are then forced together at high velocit ies (> 500 m/s) .  The resulting 

release of kinetic e nergy provides the required activat ion energy and allows the formation o f  

l iposomes ( Kim and Baianu, 1 99 1  ) .  There i s  some debate over the type o f  l iposomes  

produced by Microf1uidization. Jackson and Lee ( 1 99 1 )  stated that l iposomes were S U V  s ,  

while New ( l 990c), Arnaud ( 1 995), and Chen et al. (200 1 a) reported that the 

Microf1uid izer R produced MLVs. The review by Chandran et  al. ( 1 997)  reported that when 

large pos it ively charged ML Vs were passed through a M icrof1uidizer R , the different layers 

'peeled' off to form LUVs. 

T he s ize distribution of the liposomes produced can be control led by varying the pressure 

used and the number of t imes the dispersion is rec irculated through the Microf1uidizer R 

(Jackson and Lee, 1 99 1 ) . I ncreas ing the number of c ircuits through the chamber reduces the 

l iposome s ize and narrows the s ize distribut ion. I n  general, d iameters of between 50 and 200 

nm with a relat ively homogenous s ize distribution can be expected (Weiner, 1 995) ,  although 

Martin ( 1 990) suggested that the d istribution may be polymodal. 

Vemuri et al. ( 1 990) reported that the s ize of the mult ilamellar ves icles produced decreased 

drastically from 0 .64 to 0. I 6 )-till after 3 pas ses  through the interaction chamber, and that an 

additional 3 passes d id not reduce the s ize any further. T he po lydispersity (measure of the 

s ize distribution spread) decreased sl ightly with  each pass . Percentage encapsulat ion  was 

proportional to vesicle diameter, and therefore was seen to decrease with an increasing 

number of passes through the Microtluidizer R . I t  was also found that the larger interact ion 

chamber in the commercial scale Microtluidizer R produced larger ves icles at a g iven 

pressure than the laboratory scale model . Following the correlation between ves icle s ize and 

encapsulation e ffic ie ncy, higher efficiencies were obtained on  the production-scale mode l .  

A report by B arnadas-Rodriguez and Sabes (200 1 )  supports the above results, but also 

cons iders other variables within the system. The mean l iposome d iameter was found to 

decrease with increasing inlet pressure, number of cycles and ethanol concentration. Mean 
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I iposome diameter could be increased by rais ing the ionic strength in the range 22- 1 5  5 mM. 

T he authors provide equat ions for calculat ing l iposome d iameter based on s ignificant 

var iables, but due to the d ifferences in preparat ion methods, it is unl ikely that these w ill 

apply to  the aqueous system used in this thesis . The concentrat ion of phospho l ip id in the 

solution did not appear to have any s ignificant effect on the s ize or s ize distribution of the 

l iposomes . N ot surpris ingly, the entrapped volume of liposomes fol lowed the same pattern 

of response to the var iables as l iposome d iameter. 

Some concerns have been expressed about the use of a Microflu idizer R in l iposome 

production.  Martin ( 1 990) and Weiner ( 1 995) stated that there could be problems w ith  heat 

regulat ion and the degradation of  l ip ids caused by high shear. During process ing, there is an 

increase in temperature of 1. 7°C for every 1 000  psi ( 6800 kPa) of pressure. This would 

correspond to a 34°C temperature rise for a pressure of 20,000 psi ( 1 3 ,600 kPa) . A cooling 

unit can be used at the discharge end of the system to limit the time at high temperatures, but 

there is currently no way to avo id the increase in temperature during process ing. However, 

Barnadas-Rodriguez and Sabes (200 1 )  stated that, within the ranges of var iables they 

studied, the Microfluidization process did not damage the phosphopl ipids as measured by 

their oxidation index. 

2. 5. 3 Pro-liposome 

Another production technique that is gammg prommence is the so-called pro-liposome 

method. This involves the addit ion of  excess water to a phospho lipid, ethano l and water 

d ispersio n  with mixing ( Arnaud, 1 995c) .  Hydrophobic compounds to be entrapped are 

d ispersed with the phospholipid and ethanol phase before any hydrophilic material to be 

entrapped is added along with the extra water. No solvents (apart from the ethanol) or high­

energy processes are required, and high entrapment efticiencies are reported (Perrett et al. , 

1 99 1 ; Arnaud, 1 995c ;  Dutour et al., 1 996; Laloy et al. ,  1 998) .  

This technique has been patented, so  ful l  details of  the methodology are given in US  patent 

50046 1 1 .  The article ' Pro-liposomes for the foo d  industry' g ives a comprehensive overview 

both of the principles behind the pro-l iposome technique and of its practical appl icat ion 

(Arnaud, 1 995c ) .  The fo H o  wing i s  a summary of this art ic le, but it must b e  noted that 
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Arnaud was an e mp loyee of  Lucas Meyer ( Il l ino is, USA), the company that commercially 

manufactures the pro-l iposome system. 

The pro-liposome technique is based on the addit ion of water to an appropriate mixture of 

ingred ients, lead ing to the spontaneous formation of l iposomes.  This m ixture consists of  a 

careful ly chosen blend of  phosphol ip ids in a combinat ion of  solvents, usually aqueous 

ethanol and glycerol .  The system does not contain sufficient water to allow l iposome 

formation, and the phospholipids are mainly arranged in the form of stacked bilayer sheets .  

When excess water i s  added, the high concentration of small hydrophil ic  molecules between 

the bilayers means that more water is drawn in due to osmotic forces .  As more and more 

water is absorbed, the stacked lipid bilayers spontaneously re-organise, forming vesicles that 

entrap any act ive ingredients dissolved or suspended in the aqueous phase. 

L ipid soluble act ives are blended into the pro-liposome mixture prior to the addition of  

water . The most efficient entrapment of water-soluble ingredients i s  via a two-stage dilution 

process. The addit ion of a just sufficient volume of a concentrated suspension/solut ion of  

t he active ingredie nt to cause l iposome formation will g ive a s lurry of  loaded vesicles. This 

i s  then dil uted w ith further water as des ired. Reported entrapment efficiencies for most 

hydrophilic substances are between 40-60%, but it is claimed that with careful formulat ion 

can be as h igh as 70-80%. As for most techniques, entrapment efficiencies for l ipophilic 

substances are dependent on their partition properties, but can approach 1 00%. I t  is 

recommended that the amount of lipid-so luble ingredient does not exceed 25% of the 

phospholipid content, and that high concentrat ions of very hydrophobic substances such as 

o ils should be incorporated into l iposomes in the form of separate stabil ised droplets .  

The only equipment required to produce large-scale batches of l iposomes using this method 

is standard mixing apparatus, however there are obvio us compl ications due to patent issues, 

and it is l ikely that the pro-liposome mixture would have to be purchased from Lucas Meyer 

for approximately NZ$400/kg. 

2.6 Liposome characterisation 

The composition and physical structure of the l iposomes have a major e ffect on  their 

behaviour, as does the phase transit ion, permeabil ity, and stability o f  the l iposomes.  Other 
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measurements such as the entrapped aqueous volume per unit ofphosphol ip id  provide useful 

information for predicting the entrapment efficiency of the population. The concentration of 

the p hospho lipids and o f  the entrapped compounds are also important characteristics of  the 

system, and are required to calculate yields, costs, and opt im ise processes . This section 

briefly discusses some of the methods for characterising the composit ion  of the initial 

phospholipid preparation, the liposome so lution, and the purified l iposomes .  

2. 6. 1 Phospholipid content 

The classes of phosphol ipid present in a p articular phospho lipid fraction wi l l  influence the 

characterist ics of any l iposomes produced from that fract ion. There are a number of 

methods that may be used to determine the phospholip id content of a fract io n, both in terms 

of identifying the c lasses of phosphol ipid and measuring the total amount of phospho lip id 

material present. 

2 .6 . 1 . 1  Phospho lipid concentration 

The determination of the phospholipid concentration of a sample is usually done indirectly 

through the measurement of phosphorous content. Most of the phospholipid classes used in 

l iposomes contain one mol of phosphorus per mol phospho lipid, so the phosphol ipid 

concentration  can be derived d irectly from the phosphorous measureme nt .  Phosphorous 

content is usually measured using e ither the Bartlett assay or  the Stewart assay. The Stewart 

assay involves the measuring the absorbance of complexes formed between the 

phosphol ipids and ammonium ferrothiocyanate ( Stewart, 1 980), while the Bartlett assay 

measures the l ight absorbance at 830 11m of acid-digested phosphate e luting from a 

chromatographic column. 

Commercially available test kits for measuring choline are available (Chemicals USA, I nc . ,  

R ichmond, Virginia, USA) but these are on ly  usefu l  if the phospho l ip id is purified PC.  Total 

amount of phosphorus present can also be determined by 3 1 P-NMR ( Menses and Glonek, 

1 988;  Metz and Dunphy, 1 996) . 
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2 .6. 1 .2 Phospholipid class 

Thin-layer chromatography (TLC) can be used to identify which phospholipids are present in 

a fraction. Grit et al. ( 1 993) reviewed various TLC methods, and observed that one of the 

most commo n  solvent mixtures for separating phosphol ipids by TLC consists of chloroform, 

methanol and water in varying proportions. I o dine v apour was widely used to v isual ize the 

phospho lipid bands, but the poor response of saturated phosphol ipids resu lted in accuracy 

problems. Obtaining a quantitative measurement of the amount of each phospho lipi d  present 

requ ires scrap ing off o f  the phospho lipid spots fo l lo wed by phosphate determination, or  

measuring the colour dens ity of  the spots us ing a densitometer. These methods are 

suscept ible to human error, but can be relat ively straight-forward for pure samples of  single 

phospholipid types and tor commerc ial soy fractions. However, quantitative detect ion us ing 

TLC can be d ifficult for dairy fractions as standards are not as readily available . 

For quantitative determinat ion of PC levels, high performance l iquid chromatography 

(HPLC) techniques are usually more accurate, providing improved resolut ion for the m inor 

components Grit et al. ( 1 993 ) .  Phospholip id head group and the nature of the fatty ac id 

chains may both influence e lut ion t imes, and complex mixtures such as those found in most 

natural phospholipid sources can produce a multitude of overlapping peaks. Grit et al. 

( 1 993) presented a large number of examples of H PLC condit ions used for phospholipid 

analys is . They noted that hydrophil ic sil ica gel columns were generally  used tor separation 

of phospholipid c lasses, with the e luent solution and pH be ing both important cons iderations .  

However, the method s uffers from complicat ions in finding a suitable detector for the l ipids. 

UV detection was often difficult due to relatively weak phospho lipid absorption of  UV -vis 

electromagnetic radiation  and its sens it ivity to double bonds present in the system. 

Refractive index was not sensit ive enough tor most uses, and fluorescence and infrared 

detectors could only be used for certain l ip ids (Sotirhos et al. , 1 986). 

The use of Nuclear M agnet ic Resonance (NMR) spectroscopy is becoming more common 

for quant ifYing the specific types of phosphol ip id  present in a sample. T he resonance 

frequency of phosphorus depends on the structure of the particular molecule, meaning that 

each phosphol ipid type g ives a sl ightly d ifferent signal (Sotirhos et al., 1 986) .  The s ize o f  

the s ignal reflects the concentrat ion o f  that particular phospholipid c lass, s o  quantitative 

resu lts can be obtained by comparison with the resonance frequency and s ig nal height o f  

standards. 
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E nzymatic cleavage tests have also been used for phospholipid analysis, but tend to be used 

o nly on PC ( Gurantz et  al. , 1 98 1 ;  Gober et  al. , 1 993 ; Grohganz et al., 2003) . I n  general, 

these techniques use phospho l ipase D to release chol ine, chol ine oxidase to oxidize the 

cho l ine and hydrogen peroxide, and then measure the formation of a red quinone dye by 

peroxidase.  

2. 6. 2 Size distribution of liposomes 

Due to their small s ize it is usually necessary to use electron microscopy to attain definite 

confirmation that liposomes are present in a sample, but s ize d istribution is also a useful 

indirect method of monitoring l iposome presence. I n  addition, the s ize d istribut ion of  

l iposomes i s  among the most important properties for determining their behaviour and 

characterist ics. There are many different methods that can be used to obtain this 

information, each with different advantages and l imitat ions . 

2 . 6.2 . 1 Photon correlation spectrometry ( PCS)  

L ight scattering techniques are usually  relat ively easy and fast, and are based o n  the 

principle of the t ime dependence of intensity fluctuat io ns in scattered laser l ight, due to 

Brownian mot ion of  part icles in suspension (New, 1 99 5 a) .  Small part icles in the so lut ion 

w il l  d iffuse more rapidly than larger part icles, and so the rate of fluctuation of the scattered 

l ight will vary accordingly .  Use of a correlation technique to analyse the intensity 

fluctuations wil l  determine the d iffus ion coeffic ient for the particles, which can be 

substituted into the Stokes-Einste in equation to allow the calculat ion  of  the ir equivalent 

hydrodynamic radius (Arnaud, l 995a) . This method (often referred to as photon correlation 

spectrometry or PCS) is used widely throughout the l iterature (Masson, 1 989;  Vemuri et  al. , 

1 990; Malmsten et al. , 1 994; Schneider et  al. , 1 994; T uranek et al. , 1 997;  Maa and Hsu, 

1 999; Cop land et al. , 2000; Chen et al. , 200 1 a; Hays et al . ,  200 1 ;  Valenti et al. , 200 1 ) .  

2 .6 .2 .2 E lectron microscopy 

L ight microscopy may be useful for the upper end of s ize spectrum, but is not suitable for the 

s ize range typical of l iposome d ispersions. However, e lectron microscopy is a commonly 

used technique which can provide some valuable information. 
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Negative staining electron mrcroscopy usmg molybate o r  phosphotungstate as the stain 

allows accurate determinat ion of s ize at the very low end of the size spectrum, and can g ive 

useful p ictures of indiv idual ves ic les to determine the number of phosphol ip id bilayers. 

H owever, it is t ime consuming, and requires patience and skill to obtain a rel iable estimation 

of s ize d istribution .  Desp ite this, Weiner ( 1 995 )  stated that this was the method of cho ice 

below 5 micron.  Freeze fracture electron microscopy is very useful for looking at the 

morphological structure of the l iposomes ( Arnaud, l 995a; Weiner, 1 995) ,  but is much more 

expensive and difficult than the negative staining process. 

An important cons iderat ion in the use of electron microscopy is that the crit ical procedures 

of cryofixation or chemical fixation and staining may produce artifacts .  Hauser ( 1 993a) 

reports that while negat ive staining may be quick and s imple, it has been shown that 

negatively charged PS d ispers ions have particular problems with artifact production. I t  is 

suggested that cryofixation methods, including freeze-fracturing and freeze-etching are much 

more l ikely to preserve the original structure of the liposomes than any staining procedure, 

especial ly for charged vesicles .  

2 .6 .2 .3 Turbidity and right-angle l ight scattering 

Some systems have rap idly changing particle s ize distributions, such as those undergoing 

aggregation and fus ion. The methods d iscussed so far are not able to fo llow changes in real 

t ime, but invest igations using right angle l ight scattering and turbidity have shown potential 

for tracking these events . Dynamic l ight scattering was used to provide the mean cumulant 

rad ii of a variety of l iposomes, with right angle l ight scattering intensity and optical density 

at 436 nm then measured and plotted against vesicle radius.  It was found that l iposomes with 

a radius of 1 00 nm could be accurately mode led by homogenous spheres (Rayleigh-Gans­

Debye theory). The mean refractive indices were estimated by the volume fractions of l ip ids 

in  vesicles (Matsuzaki et  al. ,  2000). 

2. 6.  3 Entrapped volume 

The entrapped volume for a l iposome population provides an indirect measurement of the 

hydrophil ic entrapment efficiency for that dispersion .  Entrapped volume i s  general ly 

proportional to the cube of the l iposome rad ius, however, the entrapped volume is reduced as 
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the liposomes become smaller and the membrane phospholipids occupy more of the internal 

space. For a given amount of lipid, large l iposomes entrap far greater aqueous volume than 

small ones (New, l 995b) .  The method of l iposome preparation can also affect both the 

locat io n  of actives and the entrapment efficiency ( Weiner, 1 995) .  

Perkins et al. ( 1 993)  provided a comprehensive review o f  techniques for determining 

entrapped volume. T he most common method was through the calculat io n  of the total 

quantity of entrapped solute and the assumption that the concentration of solute in the 

aqueous medium in the interior of the l iposomes was the same as the original so lution .  

However, this assumes that there is no movement of e ither solutes or water into or o ut of  the 

l iposome.  This may not be val id if the entrapped material ditiuses through t he bilayer at a 

noticeable rate, or if there are d ifferences in osmotic pressure across the bi layer. Use of  a 

non-membrane-permeable solute improves the accuracy of  this method, but problems arise if 

the solute is not evenly distributed throughout the system. S uch a s ituation may occur when 

MLVs are produced by rehydrating a lipid film or from freeze/thaw cycles. Unfortunately, 

because this technique has been so widely accepted as providing accurate results, there has 

only been limited development of alternative methods (Perkins et al. , 1 993 ) .  

Arnaud ( 1 995a) stated that the best method for the determination of entrapped vo lume was 

the inulin- inaccessible space technique. l nul in i s  a large polysaccharide molecule that is 

unable to diffuse through the l iposome membrane . I f  a known weight of inu l in is added to 

identical vo lumes of both a l iposome suspe ns ion and the butler without the l iposomes, the 

concentration of  inulin in the external phase of  the suspension  will be higher than that in the 

buffer .  Centrifugation of the suspens io n  wi l l  result in  the sedimentation o f  the liposomes, 

and the concentration of the inulin in the supernatent can be measured. A known number of 

counts of3H-labelled inulin can also be used.  Perkins et al. ( 1 993) o utlined a s imilar method 

where an ESR spin probe was added to the liposome d ispersion, and the concentrat ion  o f the 

probe in the total volume compared to the concentrat ion  in the supernatant after the 

1 iposomes have been sedimented. 

It is also possible to d irectly measure the actual amount of water entrapped. This is achieved 

by the replacement of the extral iposomal flu id by a spectroscopically inert flu id such as 

deuterium oxide, and measuring the water s ignal for the system. This may be done by NMR 

techniques (New, 1 995a) .  
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Values are commonly reported as mill il itres or micro l itres of  aqueous space entrapped per 

gram or microgram of p hospho lipid. Arnaud ( l 995a) g ives typical entrapped volumes of 

approximately 2 ml/g for S UVs, 2-8 ml/g tor MLVs, and 6- 1 5  ml/g tor LUVs, while Hauser 

( l 993a) reports values of  1 -5 ml/g for MLVs and a maximum of  c lose to 40 ml/g for LUVs.  

2.  6. 4 Lamellarity 

L iposome lamellar ity has a significant effect on encapsulation efficiency and the rate of  

d iffusio n  o f  encapsulated material out of the interior spaces of  the l iposome. While the 

typical MLV is often portrayed as an onion-l ike structure with neatly stacked b ilayers at 

regular intervals, this ideal is often not the case . The lamel lar within MLV may be at 

irregular intervals, and are often arranged in " liposome within liposome "  type structures 

(Perkins et al. , 1 993) .  

New ( l 990a) gave a technique for pred icting the l amellar ity of  a populat ion of intermediate 

or large liposomes where membrane thickness is small compared with the particle diameter. 

For unilamellar ves icles, the entrapped volume (E)  can be est imated by Equation 2 - 1 ,  where 

A is the area of membrane occupied by one mole of l ipid and r is the average radius of the 

ves icles. The calculated E can then be compared w ith the est imat ion of entrapped volume 

obtained by experimental methods (sect ion 2 .6 .3 ) .  I f  the experimental value is less than the 

calculated one, e ither there is a s ignificant proportion of S UVs present or some of the 

ves icles are multilamel lar. 

E = 1/y4r Eq. 2-1  

Another method provided by New ( 1 990c) involved measurmg the percentage of 

phosphol ipid molecules on  the surface of the outermost membrane. This c an be measured 

chemical ly or spectroscopically. I f  a small quantity of PE is included in the phospho lipid 

mix during l iposome production, the exposed PE molecules can be derivatized in the 

l iposomes by reaction with trinitrobenzene sulphonic acid (TNBS) .  Control samples 

containing d isrupted l iposomes allow all PE molecules to interact with the TNBS, and 

comparison of the o ptical dens ity of the two solut ions provides an ind icat ion of the 
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percentage of the PE molecules on  the l iposome surface. A value of c lose to 50% suggests 

LUV, lower values indicate SUVs or MLVs. 

The spectroscopic method measures the 3 1 P-NMR signal of the phosphol ipid headgroups 

both before and after the addit ion of manganese ions to the solution (New, 1 990a; Perkins et 

al. , 1 993) . Manganese ions interact with the surface phosphorus, causing the resonance 

s ignal to broaden beyond detection. The remainder of  the peak height is due to the 

phosphorus ins ide the l iposome, and the lame l lar ity can be est imated by Equation 2-2, where 

' l ip idout' refers to the p hospholipids on the exterior of the l iposome bilayer. Lanthanide ions 

(such as Pr3+) may be substituted for the manganese, shifting the resonance s ignal for the 

exterior phosphorus away from the s ignal from the internal phosphorus (Perkins et al. , 

1 993) .  Matsuzaki et al. (2000) used a similar technique to estimated l iposome lamel lar ity 

based on fluorescence quenching of N-(7-nitrobenz-2-oxa- 1 ,3-diazol-4-yl)dipalmitoyl-L­

alpha-phosphatidyl-ethanolamine (NBD-PE) labeled l iposomes by sodium d ithionite. 

Changes in the NBD fluorescence were followed using a spectrofluorometer, and the 

fraction of the N BD-lipid exposed to the external aqueous phase could be deduced. 

Average n umber of bi layers in the l iposome population == 1/(z x lipidout) E q. 2-2 

These methods may underestimate the lamel larity if the ions permeate the liposome 

membrane, which may be determined by monitoring the s ignal as a function of t ime. 

E quation 2-2 wil l  also underestimate the lamel larity of small multilame l lar liposomes, as the 

interior bilayers have s ignificantly smal ler surface areas than the external membrane . 

Froehlich et al. (200 1 )  invest igated the accuracy o f lamel lar ity determination using 3 1 P -NMR 

in combination with  chemical shift reagents .  There have been a number of  publ icat ions 

using this method, but it was felt that very few details about the required condit ions 

throughout the measurements were known. The influence of various parameters including 

d ifferent buffers with  changing ion concentrations, varying pH and different shift reagents at 

increasing concentrations was investigated. Cryo-electronmicroscopy was used as the 

reference method. I t  was concluded that 3 1P-NMR might not result in the correct 
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determination of  l iposome lamel larity, depending on the experimental settings and the shape 

ofthe l iposomes. 

An alternative techn ique is the use of small-angle X-ray diffraction (Moody, 1 993 ; Huang e t  

al. , 1 999; Csiszar e t  al. , 2003 ; M atuoka e t  al. , 2003 ;  Fono l losa e t  al. , 2004) . MLVs produce 

a characteristic small-angle X-ray diffract ion pattern that consists of a series of sharp peaks 

in the low-angle region in the ratio l :  Yz: 1 h :  � etc, and a broad, diffuse reJection in the wide­

angle  region. The small angle X-ray diffraction pattern for di lute dispersions of unilamel lar 

ves ic les  has only a broad scattering peak in the low-angle region.  Examples o f  the 

d iffraction patterns for SUVs and MLVs are shown in Figure 2-8 .  

inten sity 

I 
Unilamellar vesicles Multilamellar vesicles 

Figure 2-8 Example of small-angle X-ray scattering curves for l iposomes. 

Although these methods may be useful for determining whether a l iposome populat ion is 

uni- or multi- lame l lar, none of  these methods can quantify the average number of bi layers 

contained within a ves icle in a populat ion  of M L  Vs .  E lectron microscopy is the only method 

c apable of providing this level of information. Perk ins et al. ( 1 993) stated that the negative­

stain used is able to permeate the membrane and allow lamel larity of a l iposome dispersion 

to be estimated in a qualitative or semi-quantitative manner. 

40 



Chapter 2: Literature review 

2. 6. 5 Relationship between liposome size, shape, entrapped volume and lamellarity 

The size, shape, entrapped volume and l amel larity of a l iposome d ispersion are al l  

interdependent. However, it  is impossible to use just one of these to infer the others . This is 

demonstrated in F igure 2-9. In order to fully characterise a population of l iposomes, as 

many of these parameters as possible should be determined on an indiv idual bas is. 
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Figure 2-9 E xamples of entrapped (captured) volume, size, lamellarity and particle number for a variety 

of liposome systems. From Perkins et al. ( 1 993). 
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2. 6. 6 Phase transition temperature 

As outlined  in sect ion  2 .4 .2, the phase transit ion  temperature (Tc) of a l iposome d ispersion 

wil l  influence the membrane stabil ity and permeabil ity. The T c is a function of the types of 

phosphol ipids and their fatty acid profile, although the presence of other molecules in the 

membrane (such as sterols) may also affect the Tc. 

The Tc is determined using d ifferential scanning calorimetry ( DSC), which measures the 

excess heat capacity of a system as a funct ion of temperature (Biltonen and L ichtenberg, 

1 993) .  When the membrane undergoes the transition from the gel phase to the liquid-crystal 

phase, there is a peak in the heat capacity corresponding to the Tc. The peak is sharp and 

well-defined if the phase trans ition occurs over a small temperature range, indicating a 

relatively pure phospholipid sample. However, more heterogeneous samples may have a 

much broader peak as the different phospholipid molecules present go through the phase 

trans ition over a range o f temperatures. 

2. 6. 7 Permeability 

L iposome membranes are semi permeable, allowing the transfer of some molecules and ions 

with relative e ase whilst offering a substantial barrier to others. The bi layer permeabi l ity is a 

measure o f the flux or rate at which a so lute diffuses from an internal aqueous compartment 

through the b ilayer and out into the solute (Frezard, 1 999) . The relat ive permeabil ity wil l  

vary depending on  the molecule in quest ion, the e nvironmental condit ions, the compos it ion 

of  the membrane and inter/extra liposomal fl uid, and the processing/storage history of  the 

solution. Membrane permeability is highest at Tc, and lower in the gel than fluid phase. 

Molecules w ith a high solubility in both organ ic and aqueous media ( including many fl avour 

compounds ( Re ineccius, l 995b) )  may pass in and out of the l iposome without interference . 

Large polar solutes such as proteins wil l  s lowly diffuse through the membrane (Gibbs et al. , 

1 999), while smaller po lar solutes l ike g lucose will d iffuse slightly more quickly (New, 

1 995b). S maller molecules with a neutral charge (water, urea) cross  the membrane quite 

rapidly, but charged ions vary considerably in their behaviour (New, 1 990b; G ibbs et al. , 

1 999) . According to New ( l 990b), protons and hydroxyl ions tend to  permeate reasonably 

quickly, sod ium and potassium ions very slowly, and anions such as chloride and nitrite at a 
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moderate pace . Membranes are less permeable to mult ivalent ions than monovalent ions due 

to their increased c harge and s ize . Frezard ( 1 999) reported the following general sequence 

of hydrophilic solute permeabil ity: water > small non-electrolytes > anions > cations -= 

l arge non-electrolytes > large poly-electrolytes .  

The composition of the bi layer and the l ipids used wil l  determine the p hase transition 

temperature of the membrane (sect ion 2 .4 .2) .  The permeabi l ity of the membrane to protons 

and water molecules increases at the phase transition temperature. and remains h igh above 

this po int, whereas sodium ions (and most other solutes)  d iffuse more slowly above and 

below the transit ion  temperature than at the actual transit ion po int (New, 1 995b) .  Based on 

this observat ion, New ( 1 990b) suggested that there are different mechanisms for transfer 

across the membrane for different molecules .  

Packing irregular it ies such as point, l ine, or  grain boundary defects in the membrane may 

also al low small mo lecules to pass through more eas ily. New ( 1 990b) described in some 

detail the mechanisms behind these irregular it ies, mainly the transformation of sections of  

the membrane from trans to gauche configuration. This change expands the surface area of 

the membrane, reducing the b ilayer thickness .  The translgauche transformation becomes 

more favourable at h igher temperatures, result ing in an increase in the number and duration 

of detects. Because of this, there is a temperature dependency to permeab i l ity, especially to 

small ions and polar molecules. Permeabi l ity is highest at the phase transition temperature, 

as the gel and l iqu id-crystal phases co-exist in d ifferent parts of the same membrane, and 

packing defects s uch as grain boundaries are found at each interface of the two phases. 

The fatty acid composit ion of the p hospho lipid fractions will influence l iposome 

permeabil ity, w ith the degree of fatty acid saturat ion  affecting the phase transit ion  

temperature and therefore membrane permeabil ity at d ifferent temperatures .  The use  of  

phospho lipids w ith longer chain fatty acids wi l l  increase the thickness of  the bi layer and 

decrease the rate of diffus io n  through the membrane for all solutes (New, l 995b) .  

I t  has been shown that the membrane permeabil ity o f  sodium ions decreases with  increasing 

unsaturation, w hile g lucose permeability increases. New ( 1 990b) proposed the fol lowing 

explanation. S mal l  metal ions are able to travel along the transient kinks formed by s ingle 

bond rotation in the fatty acid chain. Double bonds cannot rotate freely, so h inder progress 

ofthe ion. G lucose is a much bigger molecule, and cannot fit through the small gaps created 
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by these rotations, instead taking advantage of the looser packing of unsaturated fatty acids 

tor increased permeabi l ity. 

Concentration gradients across  the bilayer can generate osmotic pressure, leading to the 

accumulat ion of water molecules (be ing the fastest diffusing species) on one s ide. 1 f a 

concentrated solut ion is encapsulated inside a l iposome and the extraliposomal fluid is a 

d ilute solution, the l iposome wil l  take on water and swel l  up, considerably increas ing the 

surface area of the ves icle as well as the spacing between adjacent phospholipid molecules. 

This increases membrane permeabi l ity for solutes of molecular vve ights up to that of  glucose, 

but the leakage of larger molecules such as sucrose is not usually affected.  In some cases ,  

the pressure generated can cause the rupture ofthe liposome (New, 1 995b) .  

I nteraction between the bilayer and compounds introduced to  the l iposome solution can also 

affect membrane permeability. I nc lus ion  of molecules such as sterols which stabi l ize the 

membrane wil l  usually reduce membrane permeabi l ity, while molecules which destabi l ize 

the membrane tend to increase it . Weiner ( 1 995)  mentioned that hydrolys is and oxidat ion 

reaction products can c ause dramatic changes in the permeability propert ie s  of l iposomes .  

2.  6. 8 L iposome stability 

There are two main areas of importance in l iposome stabi l ity - stabi l ity dur ing storage 

and/or processing, and stabil ity in the body. For pharmaceut ical applications, the latter is 

extremely important, as the release of drugs in the blood system needs to be very well 

defined.  However, for the major ity of  food applications it is really only the stabi lity prior to 

ingestion that is of concern. 

L iposome dispersions  must demonstrate adequate stabil ity both in terms of c hemical and 

physical changes .  The high dependence of l iposome behaviour on composit ion  means that it 

is d ifficult to predict whether an individual l iposome system wil l  retain structure and 

function under d ifferent stresses. The stabil ity  of any l iposome system under condit io ns of  

varying pH or temperature, or  in the presence of degradative substances, w il l  ult imately 

depend on the composit io n  of the phospholipid mixture used and the inclusion  of  protective 

compounds, such as antioxidants and thermoprotect ive sugars. 
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2 .6 .8 . 1 Chemical degradation 

Martin ( 1 990) stated that p hosphol ip ids from natural sources degrade in 2 major ways -

through the peroxidation of  double bonds which may be present in acyl chains, and the 

hydrolysis of ester bonds l inking fatty acids to the glycero l moiety. 

The hydrolys is of sn-2 fatty acids usually occurs first, fo l lowing first-order kinet ics . The 

rate of reaction is very slow at low temperatures, but becomes  s ignificant above 40°C. 

Storage temperatures are usually eas ier to control than processing temperatures, where a 

certain length of time at a given temperature may be required. However, this t ime is usual ly  

a few hours at most, and Martin ( 1 990) asserted that this should not cause much concern. 

T he rate of hydrolysis is also affected by p H, r ising e ither s ide of a min imum at a pH of 6 . 5  

( Martin, 1 990) .  Other actions t o  minimise hydrolysis  include using pure solvents and 

removing as much of the water in the system as possible (G ibbs et al. , 1 999) . The latter 

suggest ion is tor solvent-based systems, and is obv ious ly not appropriate tor water-based 

ones. 

One of  the most important mechanisms for minimizing the degradation of  liposomes through 

peroxidation is the use of h igh quality l ipids which have been correctly prepared and stored 

(G ibbs et al. , 1 999; Re ineccius, 1 995b) .  Avoiding exposure to light and oxygen w il l  also 

reduce the oxidation rate, as these both promote oxidat ion. When oxygen is in excess, the 

rate of oxidation is independent of oxygen concentrat ion, but at very lovv oxygen levels the 

rate is approximately proportional to oxygen concentration (Nawar, 1 996) .  The e ffect of  

oxygen concentration i s  also influenced by  temperature and surface area, with the rate of 

oxidat ion increasing with  temperature . The flushing of packaging with an inert atmosphere 

would reduce the rate of oxidation, as would storage in l ight resistant containers (Weiner, 

1 995)  and l imit ing exposure to high temperatures. 

The inclusion of a water and/or lipid so luble antioxidant vvill help s low oxidation by acting 

as a hydrogen donor or a free radical acceptor, thus inhibiting the oxidation chain reaction. 

Antioxidants often work synergist ically with other antioxidants, one that reacts direct ly with 

the oxidat ion  products and one that regenerates the first compound. An example o f  such a 

system is a-tocophero l and ascorb ic acid (Nawar, 1 996) . 

Saturated fatty acids are less susceptible to oxidat ion than unsaturated fatty acids 

( Re ineccius, l 995b ). At room temperature, saturated fatty acids remain virtual ly unchanged 
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even when oxidat ive rancidity o f  unsaturated fatty acids becomes detectable (Nawar, 1 996) .  

The use of saturated l ip ids, or hydrogenating unsaturated fatty acids, wil l  reduce the rate of 

oxidation, but wi l l  also affect the properties of the l iposome ( see section 2 .3 .2 ) .  Cis acids 

oxidize more readily than their trans isomers, and conjugated double bonds are more 

reactive than nonconjugated (Nawar, 1 996) . 

Peroxidation rates may be significantly increased in the presence of transit ion metal ions. 

Even at concentrations as low as 0. 1 ppm they can decrease the induction period  and 

m crease the rate of oxidation .  A number of mechanisms for their action have been 

suggested, and these are outlined by Nawar ( 1 996) . The inclusion of a chelator such as 

E DT A may be worthwhile, particularly if the materials used contain free metal ions as 

contaminants (Martin, 1 990; Weiner, 1 995 ;  G ibbs et al., 1 999) .  

Degradation of l ip ids can be monitored in a number of ways. Thin-layer chromatography 

(TLC) can be used to provide information on the purity and concentration of the l ipids 

present in the s ample .  Phospholipids that have undergone extens ive degradation wi l l  be 

o bserved as a smear fanning out from the po int of origin, compared with the s ingle spot for 

the pure material. Another method involves the use of HPLC to fol low the production of 

lyso lec ithin, the major hydro lysis product of lec ithin. UV absorbance at 230nm can 

measure the format ion of conjugated dienes during the free radical chain in it iat ion phase of 

oxidat ion. Extensive phosphol ip id degradation may be s ignaled by a third peak at 270nm 

d ue to the formation of  conjugated trienes .  Separate tests are used to measure the level s  of 

the two types of peroxides which can be formed during oxidation reactions - hydroperoxides 

and cyc l ic peroxides (or 'endoperoxides ' ) . The latter are detected by react ion of their 

breakdown product at elevated temperatures (malondialdehyde) w ith thiobarbituric acid 

(TBA) giving a red chromophore that absorbs at 532 nm. The method for detecting 

hydroperoxides is based o n  their susceptibility to reduction by iodide. Gas-liquid 

chromatography may be used to detect the decrease in acy l  chain length that o ccurs during 

t he final stages o f l ip id oxidation. 

Grit et al. ( 1 993)  and Herman and Groves ( 1 992) determined hydrolysis rates of PC and PE 

in  aqueous media at var io us temperatures .  L ipid hydrolysis was lowest at pH 6 .5 ,  but the 

rate of hydrolysis varied depending on the concentration o f  other phosphol ipid components. 
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2 .6 . 8.2  Physical stab i l ity 

2 .6 . 8 . 2 . 1 Symptoms of physical instability 

I n  addition to the chemical reactions discussed in the above sect ion, there are also phys ical 

mechanisms for liposome degradation. Defects in l attice structure at t ime of manufacture 

can resu lt in leakage or fus ion  of l iposomes. Some structural defects can be corrected by 

annealing, where the l iposomes are held at a temperature sl ightly greater than the phase 

transit ion temperature for a period before being cooled to below the trans it ion point. 

Annealing works by maintaining the bilayer in its l iquid crystal phase, where the membrane 

has an increased fluidity. This allows the phosphol ipids to continue mov ing towards the 

lowest e nergy state, a perfectly ordered l attice w ithout any defects. However, even annealed 

l iposomes wi ll undergo some fusion or aggregation over time ( Re ineccius, l 995b) .  Fusion 

may also occur amongst populat ions of very small liposomes (less than 40nm in diameter 

(G ibbs et al. , 1 999) as a means of rel ieving the stress caused by high membrane curvature . 

Techniques based on s ize changes cannot dist inguish between aggregation and actual fusion. 

Jones and Cossins ( 1 990) gave details on a method which involves the mixing o f two sets of 

l iposomes, each containing a spec ific marker .  I nteraction of  the two markers causes 

changes in the fluorescence of the system, which can be used to monitor fus ion. The 

markers chosen will determine whether they are entrapped within the bi layer or within the 

aqueous interior, so different markers may be used to ascertain whether the fus ion  is 

o ccurring in the hydrophobic or aqueous compartments.  

2 .6 .8 .2 .2  Long-tenn stability 

Because l iposome dispersions are at the minimum energy level for the system, l iposomes are 

inherently stable units and many l iposome d ispersions wil l  be stable for long periods under a 

variety of  temperatures and other condit ions. Nevertheless, it would seem reasonable to 

assume that storage in a dark environment at low temperatures, with air exclusion, would 

minimise oxidative degradation. 

To ensure long term stabil ity, freezing, spray-drying and freeze-drying may be cons idered. 

With all of these techniques, care must be taken to avoid dehydration- induced phase 

trans it ion and membrane fus ion. Aqueous dispers ions of SUVs produced from egg PC 

aggregate and fuse to produce large MLVs when subjected to these treatments ( Hauser, 
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1 993a) . New (1 990b) stated "techniques which prevent membrane fracture upon freezing or 

drying have not yet been ful ly perfected", observing that the use of highly concentrated 

sugar solutions on both s ides of the membrane may reduce membrane d isruption. Frezard 

( 1 999) commented that the cryoprotective effect of sugars on l iposome integrity has been 

extens ively studied, and that sugars have been found to preserve the reactivity of entrapped 

active material s .  Cul l  is et al. ( 1 987) ,  Kirby ( 1 99 1 )  and G ibbs et al. ( 1 999) have all reported 

that l iposomes  can be successfully stored by freeze-drying, and Crowe and Crowe ( 1 993) 

stated that freeze-dried liposomes could be obtained that retain 1 00% of  their orig inal 

contents upon rehydration. However, the use of a cryoprotectant seems to be essential . 

Among the most commonly used cryoprotectants are mono- and disaccharides .  It is thought 

that these materials protect liposome systems during drying and freezing by forming a stable 

glassy matrix, preventing phase transit ions and crystall isat ion which would usually  damage 

the membrane (Chen et al. , 200 1 b) .  Hydrogen bonding between some sugars and polar 

groups on the lipids may also help prevent fus ion  (Anchordoquy et al. , 1 987 ) .  Trehalose 

appears to be the most successful sugar in preserving the vesicle structure and preventing 

fus ion  during freeze-drying (Chen et al. , 200 l b), but Anchordoquy et al. ( 1 987)  found that 

both sucrose and trehalose seem to be equally as effect ive during freeze-thaw processes. 

Crowe and Crowe ( 1 993) commented that although s imilar levels of stabi l izat ion could be 

obtained using e ither trehalose or sucrose, a higher concentration of sucrose is required to 

achieve this. Lasic ( 1 993 ) stated that g lucose, lactose or mannitol tend to be used tor 

freezing while sucrose is used for freeze-drying. Komatsu et al. (200 1 )  reported that the 

effectiveness of cryoprotective sugars such as maltose was affected by the fatty acid 

composit ion  of the phosphol ip ids, and therefore the effect iveness of a certain sugar would 

depend on the specific composit ion of a l iposome d ispersion. Extensive reviews on the 

freezing and drying of membrane systems compiled by Wolfe and Bryant ( 1 999), Oliver et 

al. ( 1 998) and Crowe and Crowe ( 1 993) are recommended for a more in-depth coverage o f  

this topic. 

Hauser ( 1 993b) examined the stabi l ity of SUVs during spray-drying, and reported that the 

addition of 1 0% sucrose appeared to protect the l iposome integrity as measured by ESR 

s ignal intens ity. Approximately 90% o f  K3 Fe(CN)6 and 3 H-labeled raffinose that was 

entrapped prior to spray-drying remained ins ide the l iposomes upon rehydration. 
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L iposomes w ith  no exterior charge wil l  undergo aggregation and sedimentat ion due to Van 

der Waals forces between vesicles .  The inclusion of  a charged phospho l ipid such as 

phosphatidic acid or phosphatidyl g lycerol wi l l  help min imise this, even at levels as low as 

5% ( Reineccius, 1 995b) .  Calcium and magnesium cause neutralisat ion of negative 

electrostat ic charges, and can result in the aggregation, fus ion  or precip it at ion  of negatively 

charged liposomes ( Lichtenberg and Barenholz, 1988 ) .  Larger liposomes with high 

concentrations of phosphatidyl serine (PS)  are l ikely to be particularly susceptible to this 

kind of destabi l ization, with the rate of fus ion increasing with increasing temperature and 

membrane fluidity, and be ing especially rapid at the transit ion temperature (New, 1 995b) . 

Metal chelators may be used to help minimize the neutralisation of the charge by metals 

present. Las ic ( 1 998) reported that decreasing the ionic strength of the medium could also 

reduce problems with the aggregation of l iposomes.  

There are a number o f  reviews that claim that ho ld ing l iposome dispersio ns at temperatures 

above the phase transition temperature helps avoid l iposome aggregation and fusion  

( Lichtenberg and Barenho lz, 1988 ;  Reineccius, l 995b; G ibbs et al. , 1 999) .  This seems 

surprising g iven the h igher stabil ity of the gel phase compared with the l iquid-crystal phase . 

However, to date, only one review has been found that contradicts this by reporting that 

l iposome fus io n  decreased at lower temperatures (New, l 990c). 

While l iposome composition is l ikely to have a s ignificant affect on the stability of  the 

l iposomes at different pH values, there are reports of l iposomes being stable across the range 

from pH 4 (Madden et al. , 1 990) to pH 9 ( Deamer et al. , 1 972). 

There is relat ively little l iterature regarding the stabil ity of liposomes during heat process ing. 

However, Zuidam et al. ( 1 993) reported that liposome structure and l ipid oxidation values 

were not atfe cted by autoclaving ( 1 2 1  oc for I S  minutes) ,  and Arnaud ( 1 995a) also stated 

that heat steri l isation could be used to prevent microbial growth. 

2.6.8 .2 .3  Retention of entrapped material 

One of the most important stab il ity  measurements is the abi l ity ofthe l iposomes to retain the 

entrapped material for as long as required - be that a few days or several years. I t  is also 

important to consider the chemical stabi lity of the any e ntrapped material. The stabil ity o f  

both the liposome and any active mater ial can b e  measured directly or indirectly through 

some corresponding characteristic. Changes in the s ize d istribution of a liposome population 
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are often used as a measure of l iposome stabil ity over t ime. Valenti et al. (200 1 )  mon itored 

the leakage of entrapped essent ial o il and changes in the average s ize d istribution of a 

l iposome suspens io n  stored at refrigerator temperatures for over a year. During this t ime ,  

there was no  leakage or change in s ize distribution, and negative staining e le ctron 

microscopy confirmed that the original liposome structure was still present. 

Hays et  al. (200 1 )  investigated the factors that influenced leakage of carboxyfluoresce in 

(CF) from l iposomes during chil l ing. As expected, maximum leakage occurred at the phase 

trans it ion temperature. Leakage at the phase transit ion temperature was increased through 

the addition of defect-forming add it ives such as a second phosphol ip id or a surfactant, but 

was not affected above or below that temperature. Small unilamellar vesicles leaked much 

more rapidly than l arge unilamel lar vesicles. It was also found that increasing the speed of 

temperature changes reduced leakage, and that increasing the pH of the external buffer to pH 

7 and above decreased leakage o f  carboxyfluorescein. L iposomes in  an  aqueous buffer with 

a pH greater than 9 shmved minimal leakage, while those at pH 7 and 6 retained 

approximately 85% and 70% of e ntrapped CF respectively. However, it was noted that the 

effect of pH is l ikely to be restricted to ionizable solutes. 

Leakage at the phase transit ion temperature can be reduced or prevented through the use of  

antifreeze proteins . G lyco protein type AFGP is reported to be  highly effective at prevent ing 

leakage from l iposomes composed of a var iety of phospholipids. Care must be t aken when 

selecting potential antifreeze proteins, as some have been shown to increase l iposome 

leakage ( Wu and F letcher, 2000) .  Other compounds that have demonstrated some abil ity to 

maintain liposome stabi l ity at phase transit ion  temperature include albumin ( Wu and 

Fletcher, 2000) and sterols. 

2. 7 Encapsulation 

As the phosphol ipid bilayer sheet is formed, hydrophob ic or amphipathic material in the 

environment is caught up in the membrane. The folding of this membrane to give the 

l iposome traps a portion of the aqueous environment in the centre of the vesicle, including 

any hydrophilic molecules present. The precise location of entrapped material wi l l  depend 

on  the phys iochemical characteristics both of the molecule itself and that of the l ip ids 
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forming the bilayer, and is determined by the partition coeffic ient of the molecule between 

the aqueous and lipid environment ( Weiner, 1 995) .  

The only materials that cannot be encapsulated w ithin l iposomes are substances that are not 

soluble in e ither l ip id or aqueous phases. It can also be difficult to successful ly  entrap 

molecules which have s ignificant solubi l ity in both p hases. Because of this, there can be a 

problem with using l iposomes for t1avour encapsulation, as most t1avour compounds have 

some solubil ity in both phases (Reineccius, 1 995b) .  A technique called active load ing can be 

used to entrap such compounds (Deamer et al. , 1 972 ;  Cul l is et al. ,  1 989;  Madden et al. , 

1 990) . A non-permeating buffer ion such as glutamate is entrapped inside the l iposomes at a 

low pH. The extra-l iposomal buffer is then replaced with an iso-osmotic buffer at p H  7 

containing the active compound (usually a l ipophi l ic amine) .  The act ives then diffuse 

through the membrane in the uncharged form, and are converted to a charged spec ies ins ide 

l iposome. The charge reduces the molecules affinity for the l ipid phase, result ing in an 

accumulation  of  so lute ins ide the liposome as long as a pH difference is maintained between 

inside and outside . Alternatively, charged l ip ids may be incorporated into the membrane at 

low pH, fol lowed by adjustment ofthe suspending medium to neutrality. 

2. 7. 1 Hydrophilic entrapment 

As mentioned in section 2 .6 .3 ,  hydrophilic entrapment is proportional to the total internal 

volume of the l iposome ( We iner, 1 99 5 ), but is also a factor of the phospho l ipid 

concentration. The use of high concentrations of  the hydrophilic material increases the active 

material to phospho l ip id ratio, making more efficient use of the phospholipid avai lable .  The 

types of l iposome structure formed also affects hydrophil ic entrapment. With ML Vs, the 

presence of the internal bilayer membranes reduces the entrapped aqueous space for a given 

l iposome d iameter, and therefore the internal aqueous volume of a unilamel lar vesicle w il l  

be greater than that o f  a mult i lamel lar one .  

Vemuri et al. ( 1 990) used a M icrot1uidizer to  produce l iposomes, reporting that hydrophil ic 

encapsulat ion reduced sharply after the first pass through the interaction chamber, and 

reduced s l ightly further upon subsequent passes .  This d irectly correlated with the changes in 

l iposome d iameter, lead ing them to conclude that encapsulation efficiency is a function o f  

ves ic le s ize. The larger the diameter o f  the vesicle, the more captured volume per surface 
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area, and therefore the h igher the encapsulation efficiency per gram of phospholipid. M artin 

( 1 990) stated that an e fficiency of approximately 70% was the theoretical maximum, due to 

3 0% of the liquid fill ing the gaps between the spheres .  

Reported entrapment efficiencies for hydrophi l ic materials vary greatly depending on  the 

details o f the preparation method and spec ific hydrophilic compound. Mayhew et al. ( 1 984) 

used a Microfluidizer to encapsulate cytosine arabinos ide (Ara-C), and obtained entrapment 

e fficiencies  ranging from 5-75% depending on the operating condit ions and concentrat io ns 

o f  phospho l ipid and Ara-C. Cul l  is et al. ( 1 987) compared the entrapment efficiencies for 

d ifferent ves icle types and different preparation procedures as reported by a number of 

authors . The standard thin-film l iposome preparation method usually g ives an entrapment 

efficiency of only 1 -9%, but repeated freezing and thawing of the solution  can increase the 

effic iency to 3 5-88%. SUVs produced by detergent removal had an entrapment efficiency of  

1 2%, while LUVs produced by the same method could have efficiencies  as  high as 42%. 

S ome of these reported differences might have been due to the material being entrapped, as 

this was not considered in the comparison. However, the nature of the entrapped material 

can be a quite s ignificant factor, especial ly if the material has a hydrophobic component or 

interacts with the bilayer molecules through charge attraction or repulsion. The dehydrat ion­

rehydration method used by o ne group resulted in entrapment effic iencies ranging from l to 

3 4% for proteases and proteins of varying hydrophobicit ies (P icon et al. , 1 994) . 

One of  the major advantages l iposomes have over other methods of microencapsulat io n  is 

the ir abil ity to retain hydrophilic molecules within their structure while in solution ( K irby, 

1 99 1 ) .  As most food systems are water-based rather than solvent -based, this is a very 

important characteristic for food appl icat ions. 

2. 7. 2 Hydrophobic entrapment 

For highly hydrophobic materials, entrapment is usually  c lose to 1 00% regardless o f  the 

l iposome type and compos it ion, and entrapment efficiency is thus determined by the total 

amount of phosphol ipid present (Weiner, 1 995) .  For molecules of lower hydropho bicity, 

the location of  the compound within the l iposome and its entrapment efficiency wi l l  depend 

on its partitioning between the hydrophil ic  and hydrophobic phases. V alenti et al. (200 l )  

reported that both of the mult i- and uni-lamel lar vesicles used in their experiments showed a 
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high e ntrapment efficiency for an essent ial o il (around 78-80%), and that there was no 

s ignificant d ifference in e ncapsulat ion  efficiency between the two. This is not unexpected, 

as hydrophobic materials wil l  be carried in the membrane, and there should be the same area 

of membrane regardless of whether it is arranged in uni- or multi lamel lar vesicles .  

Because the hydrophobic actives are carried in the  bilayer, there is a l imit to how much can 

be incorporated into the l iposome without destabi l is ing the system. Van N ieuwenhuyzen 

and Szuhaj ( 1 998) suggested that maximum loading of hydrophobic materials does not 

exceed approximately 25 wt% of the phospholipid. Arnaud ( l 995a) recommended that high 

concentrations of highly hydrophobic substances such as o ils should be incorporated into 

l iposome products in the form of separately stabi l ised droplets. 

B urke et al. (200 1 )  reported that the hydrophobic radical cat ion of �-carotene (a product of 

�-carotene oxidation) is able to interact with water-soluble spec ies. Studies  using DSC by 

Sh ibata et al. (200 1 )  found that despite being categorised as a hydrophobic molecule, �­

carotene has an amphiphil ic nature, which may explain its abi l ity  to interact with hydrophilic 

compounds. 

2. 7. 3 Removal of unentrapped material 

The calculation of the percentage capture of actives ts based on the removal of 

unincorporated material and the assumption that the remaining material is all entrapped. 

This requires a method to separate free and entrapped act ives .  New ( 1 990a) outl ined two 

separation methods that could be used on small scales - the minicolumn centrifuging method 

and potamine aggregat ion. The method for determining the amount of entrapped material 

w il l  of course vary with the different actives used, and may require the d isruption of the 

l iposome structure to allow all e ntrapped material to be accounted for. This is usually done 

based on e ither s ize or density differences (New, l 995c; Reinecc ius, 1 995b) .  

The most suit able technique wil l  depend on  the characteristics of the l iposome preparation .  

Chromatography methods wi l l  not be appropriate for large-scale separation, and d ialys is  

cannot concentrate the system beyond a relat ively dilute point. Centrifugation may appear 

relatively straightforward, but New ( l990c) stated that the density of a phosphatidylchol ine 

bi layer was 1 . 0 1 3 5  g/ml, increasing s l ightly with the addition of cholesterol and quite 

53 



Chapter 2: Literature review 

dramatically with the inclusion of  proteins. Aqueous solutions where there is a relat ively 

small difference in  density may require up to 200,000 g for 20 hours in  order to sediment the 

l iposomes.  Martin ( 1 990) commented that large neutral l iposomes would sediment at fairly 

low gravitational forces, while smaller o nes would remain in the supernatent . Therefore, 

centrifugation can be useful for separating large liposomes from small o nes, but more precise 

separation can be d ifficult. 

Despite this, separat ion  v ia centrifugat ion seems to be the most common laboratory 

techn ique. Hashimoto et al. ( 1 999) diluted the l iposomal so lution with  phosphate-buffered 

saline ( PBS) ,  and then removed the unentrapped glucose by centrifuging at 1 30,000 g for 5 

minutes at 20  oc . The l iposomes in the sediment were then resuspended in PSB.  S imilarly, 

Banvil le et al. (2000) recovered the l iposome suspension by ultracentrifugation at 1 00,000 g 

for I hour at 20 °C, and Vemuri et al. ( 1 990) used 1 00,000 rpm tor 3 0  min at 4 oc . New 

( 1 990c) prepared the liposome suspension in 50 mM KCl or l OO mM N aCI,  which was then 

centrifuged at 1 00 000 g for 20 m in at 20°C to sediment large particles and l arge ML Vs, and 

again at 1 59,  000 g for 3-4 hours. New ( 1 990c) stated that a number of layers would 

separate o ut ;  the top clear layer is reported to be a pure suspension o f  SUVs with a mean 

rad ius of 1 0 . 5  nm, while the central opalescent layer contained small MLV s .  

T he use of centrifugation on  a commercial scale is expensive.  The purchasing of  equipment, 

ensuring al l safety standards for the equipment are met, and the on-go ing cost of e lectricity 

to run the cent ifuges mean that alternative methods of separation are l ikely to be required .  

T hese may include ultrafiltration or s ize exclus io n  chromatography techniques. 

D ialysis involves the use of a semi-permeable membrane, through which the aqueous phase 

and small d issolved molecules can move while leaving the l iposomes  behind. This is a very 

gentle separation method and is unlikely to cause any d isruption or damage to the liposomes, 

but it does take much longer than some of the other techniques. T he t ime factor may be 

important when trying to determine the entrapment efficiencies of small molecules, which 

may d iffuse through the membrane and be removed along with the unentrapped material. 

V alenti et al. (200 1 )  purified l iposome suspensions by exhaustive d ialysis against water 

using a cel lulose membrane . This separated loaded l iposomes from the unincorporated 

e ssent ial o il, and turbidity was measured using a spectrophotometer at 500nm as an 

indication ofreproducibi l ity. 
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Column chromatography is a common method for the analysis of  l iposome s tze. 

Preparat ive-scale chromatography can be used  to separate a l iposome population into groups 

of s imilar s izes. However, these methods are often l imited by throughput volume and can 

only be carried out in a batch fashion (Martin, 1 990) .  

2.  7. 4 Entrapment efficiencies 

E ntrapment efficiencies are usually expressed as the percentage of the initial amount of  

active added that i s  e ither incorporated inside the liposome membrane or entrapped in  the 

aqueous spaces inside the l iposome.  Methods for this vary between actives, but the bas ic 

princip le usually invo lves purify ing the liposomes to remove any unentrapped material, 

d isruption of l iposomes, and then an assay to measure the level of the released act ives. The 

d ifficulty comes in making this a quantitative result. 

V alenti et al. (200 1 )  encapsulated an essent ial o il ,  purified the l iposomes usmg gel 

chromatography, d isrupted the purified vesicles with methanol, and determined the 

concentration of essent ial oil using a spectrophotometer at 307nm Standard solutions of o il 

in  methanol were used to construct a calibration curve. 

Rodriguez et al. (2000) used thin- layer chromatography (TLC) to determine the ratio o f  

phospholipid/lipophilic compounds in l iposomes .  This was achieved through a comparison 

of the relative spot intensities of d ipalmitoylphosphatidylchol ine and the l ipophil ic 

compound, and is reported to be a simple and reproducible way to quantify the level o f  

l ipophilic compound incorporated in the liposome bilayer. 

2.  7. 5 Release of entrapped material 

The release o f  hydrophilic entrapped material from l iposomes is usually e ither by d iffusion 

or  by d isruption of the membrane (Jackson and Lee, 1 99 1) .  In general, hydrophobic 

molecules w il l  not move into the external aqueous phase if they are inso luble in water, but 

may be lost if the l iposome coll ides with  or is attracted to a hydrophobic ent ity (e .g .  a fat 

g lobule) ( Re ineccius, 1 995b).  Mechanisms that can be used for p lanned release include the 
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increase in permeabi l ity at the phase transit ion temperature, membrane d isruption through 

the activity o f  an enzyme such as phospholipase, or changes in ionic concentration or pH.  

2 . 7 . 5 . 1 Mechanisms o frelease of  entrapped material 

• Diffus ion - the rate of diffusion  is determined by the solubility o f  a compound in the 

phospholipid bilayer and the permeabil ity of the bilayer membrane w ith respect to 

the active material. These parameters are also affected by the vapour and/or osmotic 

pressure on each s ide of the membrane ( Pothakamury and Barbosa-C<inovas, 1 995 ;  

Reineccius, 1 995a) . In  general , lipophilic molecules will not be lost to aqueous 

phase if they are insoluble in water, but may be lost if the liposome col l ides with or is 

attracted to a lipophil ic s ite ( i. e. a fat g lobule) (Reineccius, 1 995b) . 

• Osmotically controlled release the extraliposomal environment is much more di lute 

than the interior, creating an osmotic gradient across the membrane. Water is taken 

up, caus ing the l iposome to swel l  and the membrane to stretch. Release occurs e ither 

through bursting of the l iposome,  or the creation of gaps in the membrane 

( Pothakamury and Barbosa-Canovas, 1 995 ;  Reineccius, 1 995a) .  

• Solvent-activated release - with  reference to liposomes, this is a combination of 

d iffusion and osmotically controlled release .  For example, when l iposomes in a 

concentrated solut ion are introduced to a more d ilute environment ( for example the 

di lut ion of a syrup using water to g ive a drink product, or the dilut ion of a 

concentrated solution with saliva in the mouth during consumption) , the change in 

osmotic pressure will cause rapid uptake of solvent. This is described in the above 

reference to 'osmotically controlled release ' (Re ineccius, 1 995a) .  

• Disrupt ion through enzyme activity such as phospholipase provides another potential 

release mechanism ( Jackson and Lee, 1 99 1  ) .  

• pH-sensit ive release - alter ing the pH of  the extraliposomal solut ion may affect the 

permeabil ity of the membrane by changing the charges on the entrapped molecules .  

• P hase behaviour o f l iposome - at the phase transit ion temperature the membrane is at 

its most permeable. This can be altered through the select ion  o f phospholipids or  use 
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of sterols so that it corresponds with the desired release temperature ( We iner, 1 995 ) .  

Encapsulated actives can be  released by  adjust ing the temperature of  their immediate 

environment to the phase transit ion temperature using various sources of  e nergy, 

such as infrared, microwave, or laser l ight. However, b inding of actives to the l ip id  

membranes or inclusio n  o f  other components ( cholesterol) may sh ift  the Tc  or 

remove any sign o f  a transition altogether (L ian and Ho, 200 1 ) .  

• Melting-act ivated release - the liposome exterior may be coated w ith a impermeable 

material that melts at a certain temperature, thus making way for some other release 

mechanism such as d iffusion (Re ineccius, l 995a) .  

• Ionic concentration - Ca2+ or Mg2+ concentration may affect the charge on the 

l iposomal structure, influenc ing stabi l ity or permeabil ity  (Reinecc ius, 1 995a) . 

2 . 7 . 5 .2 Techniques for release in the laboratory 

Pothakamury and Barbosa-Cinovas ( 1 995)  stated that the addition of surfactants ( such as 

Tween 80) would cause the d isruption of the membrane and the release o f  entrapped actives. 

Release can also be induced by the eo-incubation w ith  phospho lipase A, which causes 

enzymatic degradat ion of the membrane l ipids and thus allows leakage of entrapped 

materials from the bi layer (Zeisig and Cammerer, 200 1 ) . Banville et al. ( 2000) entrapped 

v it amin 0 in l iposomes and purified them via centrifugat ion. To release  the vitamin D, the 

pellet was resuspended in 1 0% (v/v) Triton x- 1 00 and the suspension  sonicated tor 30 

minutes. Valent i et al. (200 1 )  used methanol to  disrupt purified l iposomes containing an 

essent ial o il . 

2. 7. 6 Percentage release 

To determine the percentage release by the l iposome under the des ired condit io ns it may be 

useful to use a marker rather than the actual compound o f  interest. The marker needs to have 

a low permeabil ity through intact membranes,  be highly water soluble and have a very low 

solubility in organic media, which does not associate w ith membranes in any w ay so as to 

destabil ize or aggregate them, and can eas i ly be separated from l iposomes by conventional 
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methods. New ( l990a) discussed four detection methods and l isted some compounds that 

were suit able for use as markers for each method.  A few markers for each technique are 

shown in Table 2 - 1 0. 

Table 2-1 0  Markers for determining percentage release from liposomes. 

Detection method Marker 

Optical density Sodium chromate 

Ponceau red 

Amsenazo I I I  

Haemoglobin 

Fluorescence Fluorescein 

Carboxyfluorescein 

Calcein 

Enzymatic Glucose 

Jsocitrate 

Soybean trypsin inhibitor 

Radiolabel [ '4C]glucose 

(4C]inulin 

CH]DNA 

From New ( 1 990a) 

2. 8 Sterilization techniques for liposome dispersions 

Regardless of the application, the presence of unwanted microorganisms m hposome 

d ispers ions can create problems both in terms o f  food safety and consumer acceptance. For 

products with a short she lf- l ite pasteurization may be sufficient, but the steril izat ion  of  the 

dispersion may be a more desirable option. 

Zuidam et al. ( 1 993)  described a number of  techniques which could be used for sterilization 

of  l iposome preparations . These included filtration through a 0 .22 �m membrane, exposure 

of freeze-dried liposomes to chemical steri l is ing agents such as ethylene oxide, and 

autoclaving ( 1 2 1  oc for 1 5  minutes) . Autoclaving of l iposomes of different composit io ns 

and at d ifferent pH values did not appear to affect pH, s ize, and extent of phospholipid 

oxidat ion. However, it was noted that the autoclaving resulted in s ignificant leakage o f  

entrapped hydrophil ic material, regardless o f  l iposome composition or pH. Hydrop hobic 

material remained in the membrane but there was evidence of degradation of sensit ive 
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compounds. Tardi et al. (200 1) produced a h ighly concentrated semi-sol id liposome 

d ispers ion  (ves icular phosphol ip id gel or  VPG), and observed that it showed s ignificant 

change in morphological and functional properties during autoclaving. However, the gel 

maintained its ves icular structure, sustained release, and abi l ity to form a liposome 

suspension upon dilution. 

Arnaud ( 1 995a) reported that microbio logical stabi l ity of selected l iposome suspens io ns used 

in food applicat ions may be attained e ither by heat steri l izat ion  or by formulat ing the product 

w ith a high sugar content. Neither of these techniques appeared to have any negative e ffect 

on liposome stabil ity. L ichtenberg and Barenholz ( 1988)  mentioned that irradiat ion may 

also be used for liposome steril ization, but it is a destructive technique and may affect the 

chemical stabi l ity o fthe l iposomes. 

2. 9 Commercial uses of liposomes 

2. 9. 1 Pharmaceutical industry 

L iposomes have been widely stud ied as drug del ivery systems. and since the 1 970s there 

have been many hundreds of drugs successfully incorporated into both phases of l iposomes  

of  diflerent s izes and compos it ions by a wide range o f  methods (Frezard, 1 999) .  Their 

popularity is due to their ab il ity to reduce toxicity, their capacity to entrap virtually any 

molecule regardless of its structure, and the abil ity to manipulate size, composit ion  and 

b ilayer fluidity to give desired characteristics. At present the majority of l iposome use in the 

pharmaceutical industry is to reduce toxicity and increase accumulation at the target s ite(s ) .  

E nhanced safety and heightened efficacy have been achieved for a wide range of  drug 

c lasses, including antitumor agents, antivirals, ant ifungals, antimicrobials, vaccines, and 

gene therapeutics ( L ian and Ho, 200 1 ) . 

Herslof (2000) reported that products based on l iposome technology represent total sales of 

approximately US$400 mi ll ion per annum. Companies active in manufacturing liposome­

based products include C iba-Ge igy, Upjohn, Beckton Dickinson, Squibb, L iposome 

Technology, Vestar, and The L iposome Company (Watwe and Bel lare, 1 995) .  L ian and Ho 

(200 1)  presented a table of  l iposome and lipid-based p harmaceutical products currently for 

sale  and on  trial in the USA Products on sale include three based on e nc apsulated 

59 



Chapter 2: Literature review 

Amphoteric in B ,  two of encapsulated Doxorubicin and one o f  Daunorubicin c itrate . Most 

contain at least 30% cholesterol. 

2. 9. 2 Food industry 

T here has been only limited development of l iposome technology in the food industry 

compared with that seen in the pharmaceutical and cosmetics industries .  Desp ite this, 

Arnaud ( 1 995b) stated that it was the agrifood industry that had the largest number of 

potential appl ications . Zeisig and Cammerer (200 1 ), Arnaud ( 1 995b) and Reineccius 

( 1 995b) reported that the limited development to date had not been due to a lack of  potential 

appl icat ions, but to difficult ies in finding safe, low-cost ingredients and low-cost processing 

methods suitable tor producing large volumes of J iposomes with consistent characteristics. 

T he recent development of Microfluid ization and pro-liposome techniques  otTers possible 

solut ions to many of the processing problems, and current research into the use of  cheaper 

commercial lecithin fractions may lead to suitably low-cost ingredients .  

Potential applications of liposomes within the food industry are briefly discussed below. 

T here is relatively litt le published information on the use of l iposomes in foods ;  thus it is 

d ifficult at this stage to provide a crit ical analysis of the l ikely success of proposed 

appl icat ions. The lack of information may be due partly to a low level to date of commercial 

applicat ion (because of a lack of appropriate methods and ingredients for large-scale 

production) and partly to the commercial sensitivity within the food and nutraceutical 

industries, vvhere many new developments are commonly kept in-house. Publ ished research 

has been carried out only in the laboratory or pilot plant ; there are no publications describing 

the commercial production of a product that this author is aware of. Lasic ( 1 998)  reported 

that Biozone L abs in the USA were producing l iposome entrapped vitamins, minerals and 

herb extracts, and a brief internet search revealed a number of s imilar products from 

d ifferent companies .  However, none of  the s ites concerned identified specific research 

publ ications supporting their c laims of increased bioavailabil ity and efficacy. 
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2 .9 .2 . 1 Antioxidants 

The entrapment of antioxidant systems is commonly c ited as an example of the potential 

benefits of l iposome technology. The move towards the replacement of saturated fat with 

unsaturated fat in the d iet has increased the susceptibi l ity of many fat-containing foods to 

oxidation, especial ly in emuls ion-based food products such as spreads, margarines and 

mayonnaise .  Fat-soluble antioxidants can be used to counteract this, the most effect ive 

be ing synthetic antioxidants. However, many of these synthetic alternat ives are no longer 

permitted for food use in a number of countries (Kirby, 199 1  ) .  

Ascorb ic acid and a-tocopherol can act i n  a synergistic fashion as ( natural) antioxidants .  

The a-tocopherol reacts with peroxy radicals in the continuous phase o f the food to form a­

tocopheroxyl radicals, which are less et1ective than peroxy radicals in oxidation chain 

reaction init iat ion ( Stahl et al. , 1 998) .  The a-tocopheroxyl radical can be reduced to a­

tocopherol by ascorbic acid. This regeneration extends the antioxidant effect of the a­

tocopherol .  However, a-tocopherol is hydrophobic and therefore cannot interact with the 

water-soluble ascorbic acid. I t  is possib le to use l ipid-soluble derivat ives of ascorbic acid, 

but effect ive d ispersion requires h igh temperatures, increasing the l ikelihood of oxidation 

problems in the food system. An alternative may be to use a l iposome system. 

Arnaud ( 1 995b) reported that l iposome-entrapped a-tocopherol had been shown to be more 

e ffective at preventing oxidation in o il- in-water emulsions than when the free form was 

d is so lved in the o il .  Oxidation o ccurs first at the water-oil interface .  I f  the l iposome is 

s ituated at this interface, the a-tocopherol in the membrane could reduce the peroxy radicals 

before the radicals init iate oxidation ( Figure 2- 1 0) .  Ascorbic acid entrapped in the aqueous 

regions of the liposome could regenerate the a-tocopherol. L iposome entrapment of the 

ascorbic acid would minimise the degradation of the ascorbic acid by other food components 

and ensure maximum a-tocopherol regeneration. 
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Liposomes 

Aq ueous phase 

a-tocopherol 
Ascorbic acid 

Oil droplet 

Figure 2-1 0. Protection of a food emulsion by antioxidants entrapped in liposomes. Based on Kirby 

( 1 99 1  ). 

2 .9 .22 I so lation of components 

T he abi l ity of l iposomes to prevent the interaction o f  entrapped materials with  the outs ide 

e nvironment is the basis of numerous potential appl icat ions. Kirby ( 1 99 1 )  gave a l ist of 

application possibi l it ies, including the protection of hygroscopic materials from moisture and 

the protection of ingredients that are vo latile or sensit ive to heat, light or oxidation. I n  many 

food systems, a larger than functional ly-necessary amount of an active compound is included 

in the formulat ion to compensate for losses during process ing or storage. The reduction in 

normal degradation through the use of liposomes may avo id the need tor this, saving money 

and limiting potential toxicity problems .  Normal ly immiscible phases  may be b lended, and 

incompatible materials safely used together. Compounds with useful  functional or 

nutritional attributes that have unpleasant odours or flavours may be confined and thus 

p revented from interacting with the olfactory system. 

Arnaud ( 1 995c) c ited some unpubl ished results involving the mineral fortificat ion  of dairy 

products for nutritional purposes. The heat treatment of milk wit h  added free magnes ium 

caused protein coagulat ion within a few minutes, whereas the entrapment of the magnes ium 

prior to addition resulted in no destab il isation at al l .  I ron sulphate causes rapid colour and 

flavour changes when added d irectly to products ,  but yoghurt contain ing iron sulphate 

entrapped in l iposomes showed no colour change after 2 weeks. 

Westhaus and Messersm ith (200 1 )  entrapped CaCb inside l iposomes w ith a Tc of 37 oc. 

The liposomes were d ispersed in a l iquid sodium alginate solution. No change in viscosity 
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was noted for several days at room temperature, but the l iquid gelled rapidly upon heating to 

3 7 a c .  The authors discussed the relevance o f  this to medical applicat ions, but it may also 

be usefu l  in providing a new method tor control ling the gelat ion of food systems containing 

alginate. 

Ascorbic acid has been shown to be more stable  at higher concentrat ions. B y  entrapping the 

v it amin in l iposomes, it could be held at a much more concentrated level and therefore could 

have a longer shelf l ife (Re ineccius, l 995b) .  Using a model system, Kirby et al. ( 199 1) 

found that 50% o f  liposome-entrapped ascorbic acid remained after storage for 5 0  days at 4 

oe, whereas the tree form had disappeared after 20 days. Stability in the presence o f  

degradative substances, such as copper, ascorbic acid oxidase and lys ine, w as  also improved. 

2 .9 .2.3 Enzymes 

Enzymes are often inactivated by the condit ions exist ing w ithin a food system. L iposome 

entrapment iso lates the enzyme from the surrounding food environment, enabl ing it to retain 

its act ivity under condit ions that would o therwise impede performance or even cause 

denaturation. I t  is possible to entrap an enzyme at an opt imum pH for stabi l ity or function 

and then change the external pH to a value that is more desirable for the food product. 

E nzymes are more stable in concentrated solut ions than when di luted in a bulk foo d  phase.  

K irby ( 1 99 1 )  s uggested that stabil ising materials could be entrapped w ith the enzyme to 

increase the protective effect, an example be ing thermostabil isers such as sugars that protect 

against high temperatures . 

As wel l  as protecting the enzymes from denaturation, liposomes can be used as a means of 

control led release. This allows an enzyme to be added to a food system much earlier than 

when its act ion is requ ired, without any of the negative effects that would be c aused by the 

early addition o f  free enzyme. As long as the enzyme is w ithin the liposome structure, it wil l 

not be able to interact with the substrate, remaining inert and inactive w ithin the foo d  matrix. 

By manipulating the compos it ion of the l iposome membrane, it is possible to control when 

the enzyme is released, and the rate of release. 

An example of this applicat ion is the entrapment of proteolytic enzymes in l iposomes in 

cheese production. Zeisig and Cammerer (200 I )  have recently reviewed the progress in this 

63 



Chapter 2: Literature review 

area. Encapsulat ion o f  the proteolytic enzymes have been shown to significantly reduce the 

normal maturation t ime (Law and Wigmore, 1 983a,b  ) .  Addit ion of free enzymes to the milk 

causes premature proteolys is, resulting in poor curd structure and low yields. A l arge 

proportion of the enzyme is lost in the whey stream, increas ing product cost through the 

requirement for a high init ial enzyme concentration and l imit ing downstream whey 

processing options. Addit ion of the enzyme directly to curd results in poor enzyme 

d istribution. L iposome entrapment of the enzymes can produce a cheese with good texture 

and flavour characteristics in half the normal t ime, with the overall e nzyme requirement 

reduced by l OO-fold ( K irby et al, 1 987) .  L iposome-entrapped enzymes are not currently 

used in commercial production;  Ske ie ( 1 994) stated that this was due to the high cost o f the 

phospho lipids needed and lack of appropriate preparation methods. 

2 .9 .2 .4 Flavour and aroma 

The entrapment of flavours is a major area of research on l iposome appl ications in foo d  

systems. At present, this appl icat ion is l imited b y  cost, although the rel at ively high cost o f  

l iposomes is offset somewhat b y  a reduct ion i n  the quant ity o f  active ingred ie nts  required 

( Best, 2000) .  Costs shou ld decrease as the techno logy becomes more w idespread and 

improves in efficiency. It should also be possible for the food manufacturer to demand a 

premium if products with entrapped flavour ot1er significant advantages to the consumer .  

L iposome-entrapped water-soluble flavours remain entrapped in aqueous food systems prior 

to consumption (Kirby, 1 99 1  ). whereas most other entrapment methods involve entities that 

d is so lve in water. L iposomes also allow o il-soluble flavours to be suspended in aqueous 

media. Manipulat io n  of the l iposome bilayer c omposit ion to adjust the phase trans ition 

temperature allows flavours and aromas to remain entrapped and protected against 

degradation during storage, but to be released in the mouth.  Alternatively, the consumer can 

instigate liposome rupture and flavour release immediately before consumption by re-heat ing 

the product (Arnaud, l 995c) .  

Van N ieuwenhuyzen and Szuhaj ( 1 998)  commented that vo lat ile components are often lost 

when food is microwaved, and that the presence of  lipid in the form o f  phospholipid helps 

produce a more desirable flavour-release profile in reduced-tat foods. The entrapment in 
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l iposomes of volatile flavours thus has potential m low-fat and/or microwavable food 

products .  

Studies have also looked at the use of entrapped flavours in cheese. The l iposomes are 

added directly to milk during the cheese making process, and become trapped in the matrix 

during protein coagulation. Consumer testing found that lower level s  of the entrapped 

flavouring agents were required to achieve the desired taste or aroma ( Amaud, 1 995b) .  

In an interview in 2000 (Best, 2000), Or Charlie Brain claimed to be able to "manipulate the 

lecithin structure in order to determine how a flavour or neutraceutical trapped ins ide the 

l iposome wi l l  adhere to the mouth, throat, or G I  tract" .  The l iposomes could then slowly 

release the ir entrapped flavours , result ing in a lower requirement for flavour concentration 

within a product. He also stated that tor some applicat ions (an example being mar inated 

meats), l iposome systems could be used to he lp t1avours integrate themselves into animal 

cells .  No scientific data was presented to support these c laims, and no further informat ion  

has been pub l ished to  date. 

2 . 9.2 .5  Preservatives 

During the last few decades, there has been a general trend towards reductions in the 

permitted levels of many food additives, and, where possible, the replacement of synthetic 

substances with alternatives that are perceived to be of natural origin ( Kirby, 1 99 1 ) .  

However, many o f  these natural alternatives are not as effect ive as the additives they replace, 

are more expens ive, and are often more restricted in their appl icat ion. The use of l iposomes 

potent ially can overcome these disadvantages. 

For instance, it has been shown that Iiposomes and micro-organisms accumulate in the same 

micro- comp artments in the cheese matrix during cheese r ipening (K irby, 1 99 1  ) . This raises 

the possibil ity that liposomes could be used to del iver antimicrobial agents ( preservat ives) 

d irectly to the s ites at which micro-organisms are present in foods. S uch targeting would 

s ignificantly reduce the o verall concentration of ant imicrobial agents required, and might 

permit the use of  natural agents. 

An example of this appl icat ion  is in the preservation of washed curd cheeses such as Edam, 

Emmental, and Gouda. These cheeses tend to be highly susceptible to spoilage by spore-
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for ming bacteria. Such spoilage can be controlled by add ing nitrate to the milk during 

processing, but there are increasing health concerns about the use of nitrate in foods .  

Lysozyme, an enzyme derived from egg white, has been promoted as  a replacement for 

nitrate in this s ituation. However, it binds to the casein in the mi lk, reducing its potency and 

rendering it ineffective at high spore counts. L iposome entrapment would prevent this 

b ind ing, and would target the reg ions in the cheese matrix w here the bacteria accumulate 

( F igure 2- 1 1 ) . Another potential preservative is nisin, an antibiotic produced by lactic acid 

bacter ia. Addit ion  of  an antibiot ic directly to the cheese curd would kil l  the starter culture 

that is required during the early stages of cheese production. Entrapment of the nis in in a 

l iposome, with de layed release, would protect the starter culture during the init ial stages, but 

l ater allow the nisin to act on the unwanted bacteria ( K irby, 1 99 1  ) .  

Figure 2- 1 1  Targeting of  l iposome-encapsulated lysozyme to s poilage organisms in  cheese. Based on 

Kirby ( 1 991 ). 

2 . 9.2 .6  Water retention 

It has been suggested by Kim and Baianu ( 1 99 1 )  that by encapsulating an aqueous phase in  

l iposomes in a food system i t  w il l  be  poss ible to  reduce the water activity of  the system, 

w ithout changing the overall moisture content. I f  much water could be contained in 

l iposomes, the shelf l ife of the product could be extended by the result ing shift of the water 

activity of  the product matrix into a range that was less favo urable for the growth of spoilage 

o rgamsms. At the same t ime, textural characterist ics could be maintained by the retention of  
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moisture in the product for longer periods. Unfortunately, Kim and Baianu ( 1 99 1 )  show no 

data support ing their c laim. Krotz ( 1 995 )  mentioned the use of  l iposomes to entrap water, 

w ith specific reference to their abi l ity to reduce the s ize of the ice crystals formed during 

freezing. Frozen cro issants containing l iposomes had s ignificantly better aroma, flavour, 

impression  o f  freshness, and bite/chew properties upon reheating when compared with 

standard products.  However, there were no references to relevant published scient ific papers 

to support this claim. Hawker and Ghyczy ( 1 994) stated that l iposomes are used in German 

bakery products to increase their shelf l ife,  but did not give any details of this appl icat ion. 

While this applicat ion sounds promising, it is po inted out that PC bilayer membranes offer 

o nly minimal resistance to the movement of water (Cullis et al. , 1 987 ;  Gruner, 1 987;  N ew, 

1 990b ). While the use of l iposomes to minimise the damage caused by ice crystal formation 

during freezing would not so readily be affected by the water permeabi lity o f the membrane 

( as the movement of water through the b ilayer wil l  be halted by the freezing process) ,  the 

reported benefits of water entrapment at ambient temperatures would be expected to be 

heavily dependent on the rate ofwater transfer through the liposome membrane . 

Water transport across the bilayer membrane is directly related to the compos it ion and 

properties of the membrane. The more densely packed the membrane and the higher the 

hydrophobic ity o f  its interior, the lower the water permeabil ity. Perkins et al. ( 1 993 ) 

reported a permeabil ity coefficient of �3-6 x 1 04 cm/s. Cevc and Seddon ( 1 993) stated that, 

m general, cholesterol-free membranes at temperatures below their phase transit ion 

temperatures would ofter the most effect ive barrier to water transfer. Milon et al. ( 1 986) 

measured the osmotic swelling of l iposomes caused by water travel ing into the vesicle and 

found that for their particular bilayer membrane, the water permeabil ity  of the liquid crystal­

l ike phase was 1 00 times that ofthe gel phase. The addit ion of30% cholesterol s ignificantly 

decreased the permeabil ity above the phase transit ion temperature, but no results were g iven 

for the e ffect below T c ·  However, in the latter temperature range, water still traveled rapidly 

across the membrane. Other compounds have been reported to affect water permeabi l ity. 

Wisniewska and Subczynski ( 1 998)  looked at the effect of the incorporation of polar 

c arotenoids on the permeabi l ity of membranes to water and reported that there was a 

s ignificant reduction in permeabil ity upon their addit ion to the membrane . Ho and Stubbs 

( 1 997) found that long-chain n-alkanols reduced water permeability through the acyl chain 
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region of  a PC bilayer, but that the presence of short-chain n-alkanols increased 

permeabil ity. 

I n  summary, the effect of bi layer compos it ion on water permeabi l ity is a complex one. 

Permeabil ity can be increased through the addit ion of appropriate compounds, but whether 

this increase can sufficiently s low water loss to allow for a functional benefit in food 

products is  not clear. 

2. 9 .2 .  7 I mproved absorption of entrapped materials 

Arnaud ( 1 998 )  stated that in l iposomal form, I g of phosphol ipid has an external surface area 

o f  about 200 m2 , and that the absorption of any molecule l inked or entrapped to the 

l iposomes would be improved due to this extremely fine dispersion. He supported this by 

referring to a study involving rats found that more vitamin E was absorbed in the intestinal 

tract of the rat in encapsulated than in the free form. S imilar results with iron salts were also 

o bserved. Unfortunately no details of where these results were obtained were provided. 

2 .9 .2 . 8  D iet industry appl ications 

Hawker and G hyczy ( 1 994) reported that the high surface area resulting from the dispersion  

o f  phospholipids i n  the form of  l iposomes and the even distribution of  the fat raised the 

possibility of us ing l iposomes  to reduce the fat required to achieve a certain mouthfeel .  

Arnaud ( 1 998 )  suggested that smal l liposomes might be able to be used to treat obesity. At 

the moment this is purely theoretical, but it is based on the idea that the l iposome and 

ingested triglycerides would be attacked by intest inal l ipase to the same extent. Because of 

the much larger surface provided by the smal l  l iposomes compared to the relat ively small 

o ne of big o il droplets, most of the triglycerides would not be hydrolysed, reducing the total 

fat absorption. 
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2.10 Concluding remarks 

The commercial purificat ion o f  MFGM phospho l ipids fro m  buttermilk has prov ided a new 

h ighly functional and valuable ingredient from a waste stream. The production o f  liposomes 

from phospholipids e xtracted from buttermilk could further increase the applicat ions and 

advantages of this product. 

L iposomes designed for pharmaceutical and cosmetic applications have been wel l 

characterised. However, while there is a large amount of information on l iposome 

production and behaviour, almost all of this is based on h ighly purified phospholipids, non­

food-sate production methods and techniques which are highly resource- intensive. The 

heterogeneous nature of the commercial buttermilk fractions is l ikely to complicate analysis  

of the l iposomes, as  wel l  as  affect the overall behaviour of  the d ispers ions. The removal of 

unentrapped material in a suitable manner may be particularly d ifficult, and the inclusion of 

hydrophobic material without the use of  so lvent may also prove a comp licated t ask. 

However, there are a wide variety of potential applicat ions for liposomes in the food 

industry, and the unique composition of the dairy phospho lipid fract ions may offer 

advantages over other phosphol ipid sources .  

The production o f l iposomes from commercial MFGM phospholipid fractions using methods 

suitable for the food industry wil l  no doubt create a number of chal lenges .  However, if 

successful, it offers great potential for not only increasing the value of the fract ions, but for 

the development of an exciting new area of  research into the appl ications of  l iposomes in 

food systems. 
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Chapter 3:  Selection of phospholipid fractions and method of liposome 

production method 

3.1 Introduction 

Fonterra Co-operative Ltd produces five phosphol ipid fractions at its Complex L ip id P lant in 

Edgecumbe, New Zealand. At present, no other company manufactures a commercial 

phospholipid fract ion derived from milk, and to date there is no known l iterature regarding 

the use of commercial dairy phosphol ip ids for the production of l iposomes .  fn comparison, 

there is a huge range of different phosphol ip id products commercially available that are 

extracted from soy o il ,  varying widely in purity and compos it ion. 

There are a number of techniques that can be used to produce liposomes (sect ion  2.5 m 

Chapter 2: L iterature Review), but the three most commonly recommended for large-scale 

production are Microfluidization, Extrusion and a Pro liposome system The production 

method is known to be an important factor in determin ing the s ize and structure of the 

l iposomes (New, 1 990c) . Each process ing method is generally recognized as produc ing 

l iposomes with a certain structure, and changing production variables wil l  not result in a 

change in lamellarity. For example, the standard thin-film preparation procedure is known 

to produce mult ilamel lar l iposomes (Jackson and Lee, 1 99 1 ;  P icon et al. , 1 994) ,  which may 

be converted into small uni1amel lar l iposomes through sonication (Chapman, 1 984;  Jackson 

and Lee, 1 99 1 ;  Kim and Baianu, 1 99 1 )  or extrusion (Schnider et al. , 1 994 ; Turanek, 1 994). 

In contrast, variables such as the size of l iposomes produced by a given method may often be 

manipulated by controlling certain production variables .  

I t  was necessary to determine which dairy- and soy-derived phosphol ip ids would be the most 

useful for comparison w ithin the object ives of this thes is, and the most suitable l iposome 

production method. This chapter covers the sourcing o f  potential phospho lipid fractions, the 

identificat ion of the best technique for l iposome preparation, and the process for selecting 

the three phosphol ip id fractions which would be used for the remainder of the experimental 

work. The selected techn ique was then investigated further to determine the e ffect o f  

changing production variables o n  the character istics o f  result ing l iposome d ispers ions. 
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3. 2 Phospholipids 

3. 2. 1 Dairy phospholipids 

Samples of  five dairy phosphol ipid fractions were provided by Fonterra Co-Operative 

Gro up, New Zealand. The commerc ial names for the products were Phospholac 500, 

Phospho lac 600, Gangolac 500, Gangolac 600 and Fractolac 5 00. The cost for the fractions 

ranged from approximately NZ$50/k:g for Phospholac 500 to NZ$400/k:g for Phospho lac 

600. 

The dairy phospho l ipid fract ions were all found to be dispersible in water with the aid of a 

mechanical mix ing device, so all five were included in stabi l ity  trials . The main differences  

in  composition between the fract ions are summarised in Table 3 - l .  

Table 3-1 Composition of the dairy phospholipid fractions (g/lOOg powder) as provided by Fonterra Co­

operative Ltd (New Zealand). 

Component Fractolac 500 Gangolac 500 Gangolac 600 Phospholac 500 Phospholac 600 

Total lipid L O  32-36 30-40 2: 85 80-85 

- Neutral lipid * * * :S 55  2-8  

- Polar lipid * * * 2: 30 75-83 

- PC 4-6 * * 2: 1 2  30-40 

- PE 1 -3 * * 2: 6 5  7- L O  

- SM 2-5 * * 2: 7 .0 1 8-20 

- PS 4-6 * * 2: l . 5 3-5 

Moisture :S 5  :s s  :S 5  :S 5  :::; 3 

Lactose :S 5  55-60 50-60 :S 1 0  :S 1 0  

Ash :S 8  3-5 8- 1 5  :S 8  :S 1 2  

(*  = value not given) 
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3. 2. 2 Soy phospholipids 

I t  was init ially hoped to use soy lec ithin products specifically designed tor l iposome 

production in the experimental work. The only such products found were the Epikuron 

range from Degussa Texturant System, Hamburg Germany. The price of these products 

ranged fro m  NZ$750- 1 400/kg, with commercial-sized minimum purchase quantities. This 

price was o utside the range of both the project budget and most food companies .  

S amples of  other lec ithins recommended tor emulsification app l ications in  food products 

were cons idered, with only those fractions able to be dispersed in water cons idered for 

further experiments. The fo llowing p hospho l ip id fractions were found to be d ispers ible in 

water: 

• Precept 8 1 60, a powdered enzyme-modified lec ithin from Central Soya Lecithin 

G roup, I nd iana USA Price NZ$ 1 5/kg 

• Centrophase HR-28, a medium viscosity liquid lec ithin from Central Soya Lecithin 

Group, I nd iana USA Price NZ$9/kg 

• U ltralec P, a powdered lecithin from ADM Lecithin and Monoglycerides, I l l inois 

U SA Price NZ$7/kg 

I n  add it ion to the commercial phospholipid fractions, a S igma product P3644 (purified soy 

phosphatidyl cho l ine min 30%, referred to as S igP3644 throughout this thesis) was used. 

This cost NZ$ 1 200/kg, but allowed comparisons between the cheap commercial fractions 

and a more h ighly purified product. 

T he suppl iers were unable to provide any add it ional composit ion details for any of the soy 

products .  
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3.3 Liposome production 

3.3. 1 Dispersion ofphospholipids 

The required amount of the specific phosphol ipid fraction to make a 1 %  l ip id d ispersion was 

s imply added to the aqueous phase and blended thoroughly. The p hospho lipid fractions 

d ispersed in Mi l l iQ water ranged in pH from 5 . 6  to 6 .4 .  Therefore, to ensure comparisons 

between the fractions were made at the same pH, the l iposome d ispersions were made in an 

imidazo le buffer, containing 20mM imidazole, 50mM sod ium chloride, and 0 .02% sodium 

azide in Mi l l i  Q water, adjusted to pH 7, with l M  hydrochloric acid. 

I n it ially blending was performed using a standard Kenwood Food Processor (5 minutes, 

medium speed) . However, this incorporated a large amount of air, causing cavitation during 

M icrofluidizat ion (section 3 . 3 .2 )  and damaging the interaction chamber. After replacement 

o f  the interact ion chamber, d ispers ions were prepared using a JKA Ultra-Turrax R (JKA, 

S taufen, Germany) . The phospholipids were blended for 3 minutes on medium speed, left 

overnight to ful ly hydrate, then mixed for an add it ional 3 minutes before Microfluidization. 

T his resulted in a s ignificant reduction in air entrapment. 

3.3. 2 Microfluidization 

A M- 1 1 O Y  Microfluid izer® (F igure 3 - l and F igure 3 -2)  was used to provide the necessary 

shear to overcome the activation energy for liposome formation (Microfluidics Internat ional 

Corp . ,  MA-Newton, USA) . Although commercial scale  models are avail able, this model is 

designed for p ilot-plant scale homogenisation and has a theoretical minimum sample s ize of 

approximately 60 ml. It is capable of operating at up to � 1 ,600 bar (23,000 psi) but the 

maximum pressure provided by the laboratory compressed air supply  was 1 200 bar (� 1 8,000 

psi) .  

The phosphol ip id dispersion (prepared as described in section 3 . 3 . 1 )  was poured into the 

inlet reservoir, and the M icrofluidizer R pump started .  The dispersion was drawn into a small 

compartment and pressurised through the action o f  a large p iston air pump. This hydraul ic 

p iston ampl ifies the preset pressure of  5 bar to 2: 1 200 bar hydrostat ic pressure (determined 

by the setting of the pressure gauge) .  The fluid was then pumped under this high pressure 
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through a F l 2Y-type interaction chamber made of an aluminium oxide type ceramic and 

with a flow channel diameter of 75 11m at the narrowest po int (shown in F igure 3-3 ) .  This 

separated the liquid into two streams and brought them back together with high force. The 

l iposome suspension then travelled through a cool ing co il and exited through the product 

outlet tube. 

Figure 3-1 Photographs of Microfluidizer� I IOY. 

lrh::4 CMckVf4·,, ... 

Cooln;� Call �---1--.J 
Produ:t Inial Reuf"oor 

M-1 1 0Y S ide View 

CooiOJ C<ul 
M-1 1 0Y Overhead View 

Figure 3-2 Schematic diagram of the Microfluidizer� I I OY (provided by Microfluidics). 
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Figure 3-3 Schematic cross-section through the dispersion zone of the Microfluidizer®, the Y­

interaction chamber (left) and enlarged "iew of the liquid  jet flow (right). 

During this process, the large bi layer sheets are broken up into smaller fragments. To 

min imise surface energy, the e nds wrap around forming bilayer vesicles known as 

l iposomes. The suspension is usually recycled through the Microfluidizer R several times to 

reduce the average I iposome s ize (Vemuri, 1 990 ;  Barnadas-Rodriguez and S abes, 200 1 ) . 

Although some l iterature c laims that only unilamel lar l iposomes are produced by 

M icrofluidizerR (Jackson and Lee, 1 99 1  ) ,  other sources state that mult i lamellar l iposomes 

may also be produced (New, 1 990c; Arnaud, 1 995;  Chen et al. , 200 l a) .  This is most l ikely 

to occur when a smaller ves icle(s) become trapped inside a larger one. 

I nit ially, as the phosphol ipid was dispersed the viscosity of the suspensio n  increased 

s ignificantly, particularly at phospho lipid concentrations above 1 5% (w/w) .  The observed 

increase in viscos ity is most l ike ly due to the interaction of  the large bi layer sheets formed 

upon hydration of phosphol ip ids  (section 2 .3 . 1  in Chapter 2: Literature revie1v) . After 

Microfluidization, the viscosity of the liposome suspension was s imilar to the v iscos ity of 

water, much lower than that of the unprocessed d ispers ion. This i s  presumably because there 

are s ignificantly fewer interactions between the l iposomes  than between the l arge bilayer 

sheets. 

The ceramic Y -75fJ.m chamber used for the preliminary work was replaced due to an 

increase in tlowrate through the chamber and a corresponding drop in system pressure. This 

was caused by cav itation of air in the chamber, entering both through the holding tank inlet 

and through fittings and jo ins that v ibrated loose during processing. A second ceramic 

chamber was purchased, with Loctite used on all fitt ings to help prevent air from being 

s ucked in through jo ins and the holding tank was re-mounted to isolate it from vibration. As 

mentioned in sect ion 3 .3 . 1 ,  an U ltra Turex was used to prepare subsequent phospho l ip id 
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d ispers ions to reduce the incorporation of air, and d ispers ions with obvious foaming were 

de-aerated under vacuum. 

For more information on the use of a M icrofluidizer R' in the production of l iposomes, see 

section 2 . 5 . 2  in Chapter 2: Literature review. 

3.3.3 Extruder 

A smal l extruder (F igure 3 -4) was manufactured in the I nst itute of Food, Nutrit ion, and 

Human Health engineering workshop, Massey Un ivers ity (Palmerston North, New Zealand) . 

I t  was based on a s imple barrel and plunger design, and used Nuclepore 0. 1 J.lm and 0.2 J.lm 

filters purchased from Northern L ip ids (Vancouver, Canada). 

Figure 3-4 Photographs of the small acetal plastic extruder produced in the Institute of Food, 

Nutrition, and H uman Health engineering workshop. 

The casing of the extruder was made from food qual ity plast ic (acetal ) .  The detachable base 

held a fine mesh to support the del icate fi lters. L iqu id that had passed through the fi lter was 

col lected via an out let in the base. The plunger was operated by an Instrom 4502 Texture 

Analyser so that it could be raised and lowered in a contro lled and reproducible manner. 

The phosphol ipid solution (prepared as outl ined in sect ion 3 .3 . 1 )  would be forced through 

the fi lters by the plunger. The turbulence and e nergy introduced to the system by t he 

interaction between fluid and the wal ls  of the pores should al low the format ion of l iposomes 

(see section 2 . 5 . 1 in Chapter 2: L iterature review for more detail) .  One manufacturer of 

extruders specifical ly for l iposome production (Northern L ipids) recommends that each 
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sol ut ion  be passed through the extruder ten t imes to reduce the average particle s ize and 

produce a narrow s ize d istribution. 

T he production of l iposomes by this extruder was extremely  time consuming. It was only 

possible to produce very small vo lumes of filtrate w ith each pass, and the filters tore easily 

when the I nstron  was set at speeds above 2ml/min. The filters became b locked after 4-6 

p asses and had to be replaced. 

3 . 3. 4  Proliposome technique 

T he Prol iposome technique is touted as be ing extremely quick, s imple, and capable of 

achieving very high entrapment efficiencies of both hydrophilic and hydrophobic materials. 

The technique, which is covered in more detail in sect ion 2 . 5 . 3  in Chapter 2: Literature 

review, is based on the simple addition o f  water to a carefully chosen blend of  ingredients 

leading to the spontaneous formation of l iposomes .  

I t  is possible to buy pre-made prol iposome mixes from Lucas Meyer. However, they only 

produce the pro l iposome m ixes from synthetic or soy-derived phospho l ip ids and not from 

any dairy fractions. In order to provide a val id comparison betvveen the dairy and soy 

phospholipid fract ions, it is essential that the liposome preparation method used be 

cons is tent. 

EP patent No. 0 1 5 844 1 details a method tor the production of a proliposome mix from 

suitable membrane l ip ids (natural or synthetic lec ithins, purified or heterogeneous mix) and a 

water-miscible organic l iquid which is a so lvent for the l ip id. 

Example 1 in the patent was followed using various commercial p hospholipid fractions as 

described in section 3 .2 .  The method involved d is so lving 500mg lecithin and 1 00mg SPAN 

in 400mg ethyl alcohol at 5 0  °C, then adding 1 OOmg water and the m ixture held for 1 5  

minutes before coo l ing to 2 5  oc. Once cool, the sample was vigourously hand-shaken while 

4ml of a 50mM phosphate buffer was added in a dropwise fash io n, and for 1 minute 

thereafter. The sample was allowed to equil ibriate for 3 0  minutes at 25 °C, with 1 minute of  

further shaking after 1 5  and 30 minutes .  A further 6ml o f  buffer was added and the sample 

shaken for 1 minute every I 5 minutes tor 30 minutes .  
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Unfortunately this process d id not seem to work as described. Particle s ize d istribut ions 

obtained us ing PCS showed average part ic le diameters of close to l 11m with  poly d ispersity 

values of c lose to 1 .0 .  This suggests that there was not a complete transformation into 

l iposomes, with many large particles remain ing. Different solvents and solvent:phosphol ip id 

ratios, as well as using magnetic st irring on high speed were trial led, but none of the 

combinations used produced suitable l iposome populations. 

3 . 3 . 5  Conclusions 

The Microfiuidizer a was effective and easy to use, and produced large quantit ies of 

l iposomes in a reproduc ible manner without requiring the addit ion of solvents or the ongoing 

purchase o f  components. Produc ing l iposomes us ing the extruder may have been possible, 

but would have been extremely time-consuming and the high turnover of the filters would 

have made the process very expens ive . Although a commercial extruder would have 

obvious ly  performed much better, it would have required a l arge capital outlay as well  as the 

o ngo ing purchase of fi lters. 

Based on this information, it was decided to use the Microfluidizer R for al l l iposome 

preparations described in this thesis .  

3. 4 Selection ofphospholipidfractions 

3. 4. 1 Methods 

The standard processing method o utlined in section 3 . 3 . 2  was used to produce a 1 %  l ip id 

d ispersion of l iposomes from each  o f  the phospho l ipid fract ions l isted in section 3 .2 .  

The average hydrodynamic diameter of the liposome d ispersions was measured usmg a 

photon correlation spectrometer ( PCS), the Zetasizer 4 ( Malvern I nstruments Ltd, UK).  The 

measuring specifications used were as fol lows: 

S ampl ing time : 99 seconds 

Measurements per sample: 3 
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Medium v iscos ity: 

Medium RI : 

Typ ical L iposome RI : 

Scattering angle :  

Temperature : 

1 .054 cP 

1 .34 

1 .45 (Blessing et al. , 1 998 ;  Ardhammer et al. , 2002) 

90° 

Samples of the liposome d ispers ions were d i luted to the required turbidity (<250 KCps) 

using imidazo le buffer. Prel iminary experiments had found no effect of concentration on 

measured diameter for any of the three phospholipid dispersions at turbidities of up to 500 

KCps. 

An indication  of the stabi l ity of the d ispersions was obtained by storing the l iposome 

d ispers ions at 4 or 20 °C, and monitoring changes in average part icle s ize over t ime. The 

number of phospholipid fractions needed to be reduced to allow for more in-depth study of a 

smaller number of samples, so samples showing a lack of  stabi l ity wou ld be excluded from 

further experiments .  The amount of  phospho lipid, triglycerides and other components 

present in each fraction was also considered. 

3 . 4. 2  Results and discussion 

The average hydrodynamic d iameters of  liposomes prepared from the d ifferent fract ions are 

shown in T able 3 -2 .  L iposomes produced from Phospholac 500 and Precept 8 1 60 averaged 

approximately 260 nm in d iameter, s ignificantly l arger than those produced from the other 

fractions. The average l iposome diameter for Fractolac and Precept samples more than 

doubled after storage for 60 days at 20 °C, while the other samples appeared relatively 

stable. Phospholac 600, S igP3644, and U ltralec P all produced liposome populations with 

average d iameters of less than 1 00 nm. 

Fractolac and Precept 8 1 60 were removed from the trial due to their lack of stabil ity when 

stored at 20 oc for 60 days. Although Phospho lac 500 did not demonstrate any s ignificant 

increase in l iposome s ize during storage, the large init ial particle s ize may be an indicat ion 

that the neutral fat present (approximately 55%) is forming a fine emulsio n  in addition to 
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l iposomes during Microfluidization. Centrophase H R  was also found to have a h igh level of  

neutral fat. The liposome d ispersions made us ing Phospho lac 5 00 or  Centrophase H R  were 

opaque and milky, consistent with the formation of an emulsion  system Gangolac 500 and 

600 had an init ial average l iposome diameter similar to Centrophase H R, but the suspensio ns 

were relatively translucent and had no evidence of an emuls ion system However, their low 

l ip id content meant that much larger quantities were required to obtain a g iven l ipid 

concentration compared with  Phospholac 600.  I t  is also poss ible that the large percentage of 

non-l ipid components present could interfere with or complicate analyt ical and 

characterisation techniques. 

Table 3-2 Average hydrodynamic diameter (Za,e) of liposomes p repared from various commercial 

phospholipid fractions. 

Phospholipid fraction Source Initial Zave (nm) Z,ne (nm) Zan ( nm) 

( 60 days, 4 "C) ( 60  days, 20 "C) 

Fractolac Dairy 1 51 145 3 30 

Gango!ac 500 Dairy 1 3 5  142 1 36 

Gango1ac 600 Dairy 1 39 143 1 3 5  

Phospholac 500 Dairy 2 5 8  256 260 

Phospholac 600 Dairy 92 92 93 

Centrophase HR Soy 1 36 1 44 1 4 5  

Precept 81 60 S oy 260 252 735 

SigP3644 S oy 79 80 83 

Ultralec P Soy 75 78 79 

Phospho lac 600, S igP3644, and U ltralec P were selected as the three fract ions that would be 

used in all subsequent experiments . 

3. 5 Effect of Microjluidization production variables on liposome characteristics 

T he s ize of the l iposomes produced by a Microfluid izer R may be influenced to some degree 

by the pressure used and the number of t imes the streams interact (Barnadas-Rodriguez and 
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Sabes, 200 1 ) . Cycling the d ispersion through the homogeniser several t imes is reported to 

reduce liposome s ize and narrow the particle s ize d istribution (Jackson and L ee, 1 99 1  ) .  

Unfortunately, the structure o f  l iposomes produced by Microfluidizat ion has not been 

studied as comprehens ively as some of the more common production methods, and there are 

conflict ing reports of  unilamellar (Jackson and Lee, 1 99 1 ;  Chatterjee and Banerjee, 2002) 

and mult ilamellar (New, 1 990c; Arnaud, 1 995b;  C hen et al. . 200 l a) liposomes being 

produced. Zeis ig and Cammerer (200 1 )  avoid this debate by s imply stating that 

Microfluidized liposomes w il l  have one or more bilayers. 

This section describes the effect of pressure, phospholipid concentrat ion, and number of 

passes through the Microfluidizer R on l iposome s ize . Although it is largely determined by 

production method, lamellarity is not usually affected by these production var iables and is 

therefore included in Chapter 5: Physico-chemical characterisation of liposome dispersions. 

3.5. 1 Methods 

Two factorial experiments were conducted looking at the etlects of the number of passes 

through the interaction chamber and the Microfluidizer R operating pressure or the 

concentrat ion ofthe phospholipid d ispersion on the s ize of the l iposomes produced. 

Phospho lipid dispers ions of between l and 1 0% phospho lipid (w/w) were cyc led through the 

Microtluidizer R up to 1 0  times at pressures ranging from 700 to l l  00 bar ( 1 0,000 to 1 7 ,000 

psi) .  L iposome s ize and po lydispersity were measured us ing a Zetasizer 4 ( Malvern 

I nstruments Ltd, U K) as outl ined in section 3 .4. 1 .  

3. 5. 2 Results and discussion 

3 . 5 . 2. 1 I nit ial observations 

The first pass through the Microfluidizer R had the most s ignificant effect on l iposome s ize, 

result ing in a decrease in average hydrodynamic d iameter from over 5 00 nm to between 80-

1 50 nm ( Figure 3-5) .  Success ive passes continued to reduce the average s ize, but the 

changes were quite small .  I ncreas ing the number of passes had no significant effect on the 
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particle s1ze d istribut ion. T he type of phospho l ipid used had a s ignificant influence on 

l iposome diameter. The S igP3644 and U ltralec d ispers io ns appeared s imi lar in s ize, but 

l iposomes produced from Phospholac had a hydrodynamic diameter that was on average 

more than 30 nm larger than the l iposomes obtained from the other fract ions. 

F igure 3 -6 shows the effect of the operating pressure on the average l iposome diameter .  To 

improve the resolution on the graph, the y-axis has been restricted to between 50 and 1 60 

n m, and the measured size for zero passes has not been inc luded. 
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Figure 3-5 Effect on liposome size of the number of passes through the Microfluidizer" at 1 100 bar 

using a 1 0'Y., phospholipid solution. 
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Figure 3-6 Effect of M icroflujdizer® pressure on hydrodynamic diameter for a 1 0'% phospholipid 

dispersion. 
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The trends in the average diameter at the 3 different operating pressures were approximately 

in  paralle l .  Increasing e ither the operating pressure or the number of passes decreased the 

hydrodynamic d iameter of the liposomes. It was evident that the effects of the pressure and 

the number of passes were additive. The Phospho lac dispersion had the largest average 

hydrodynamic diameter for al l combinations of pressure and pas ses. The Ultralec dispersion 

appeared to have the lowest average liposome s ize for 3 passes or less, but as the number of  

passes increased the U ltralec curve flattened while the l iposomes produced from S igP3644 

continued to decrease in size . After 1 0  passes there was no difference between Utralec and 

S igP3644 dispersions manufactured at 1 1 00 bar, but the S igP3644 d ispers ion had the 

smallest average diameter at 700 and 900 bar. 

Decreasing the phospho l ip id concentration from 1 0% to 5% appeared to decrease l iposome 

s ize for both S igP3644 and Ultralec dispersions, as well as for Phospho lac dispersions for 4 

or  more passes (F igure 3-7) .  There seemed to be no s ignificant difference between 5% and 

1 %  phospholipid. This suggests that the 1 0% phospholipid dispers ion was less sensit ive to 

the shear and turbulence produced by the microfluidization process. This would be expected 

as the higher viscos ity in more concentrated dispersions could res ist deformation and 

breakup of l iposome partic les . 
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Figure 3-7 Effect o f  phospholipid concentration o n  average hydrodynamic diameter of liposomes formed 

during Microfluidization at l l OO bar. 
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3 . 5 .2 .2 Stat istical model ing 

To obtain quantitative information on the statist ical s ignificance of these observations, the 

results for this section were modelled using a general l inear model .  The model did not 

include the results for zero passes. To remove the curvature observed in F igure 3-7 and 

F igure 3-7 ,  the log ofthe I iposome diameters was used. 
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Figure 3-8 Standardised residual plot for general linear ANOV A without phospholipid x number of 

passes term. 
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term. 
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As suggested from the previous graphs, the number of  pas se s, pressure, concentration and 

the phosphol ip id fraction all had a h ighly s ignificant eftect on average liposome d iameter (p 

:::; 0 .  00 1 ), as was the interaction between phospho lipid fraction and the number of passes for 

the S igP3644 traction. This interaction was not s ignificant tor either the Phospholac or 

U ltralec fract ions, but its inclusion removed a l inear correlation between res idual s ize and 

average d iameter for the S igP3644 data as shown in F igure 3 -8  and F igure 3-9. There are a 

few outlying residual values, but almost all values are between -2 and 2, indicating a goo d  fit 

between the model and the data. A residuals-squared value o f  95 .5% was obtained for this 

model. 

T he general equation for the average l iposome diameter of a 1 0% U ltralec d ispersio n  

processed at 1 1 00 bar was : 

/n(average l iposome d iameter) = 4.67 - 0 .0395 x number of passes 

To allow for variations to the general equation, the values given in Table 3 -3 should be 

added to or subtracted from the constant term. I n  addition, for a S igP3644 dispers ion an 

extra term of '-0. 1 6  x number of passes '  should also be included. For example, a 1 0% 

S igP3644 dispers ion passed through the Microfluidiser R 6 t imes at 700 bar is l ikely to have 

an average l iposome d iameter of: 

In( average l iposome d iameter) = 4.67 + 0 . 078-(0 .0395 x 6) -(0. 0 1 6  x 6)  

= 4.748 - 0 .237 - 0.096 

= 4.4 1 5  

Average l iposome diameter = exp( 4 .4 1 5) 

= 83 nm 

T his compares we ll with  the measured average d iameter under these cond it ions of 86 nm. 

The values in the etTect column of Table 3-3 provide useful information on  the influence the 

variable has on the average l iposome diameter, both in terms of the relative s ize of the effect 

and whether it will increase or decrease l iposome s ize. Dispers ions produced from 

P hospho lac wi l l  have a s ignificantly higher average s ize than those fro m  Ultralec, while 

those from S igP3644 are s l ightly smaller than U ltralec at low numbers of  passes but the 
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difference between the two fractions increases proportionally with the number o f  passes .  

Concentrat ion has a relat ively small e ffect on  l iposome s ize, but the lower phospho lipid 

concentrat ions both have a lower average s ize than the 1 0% phospho lipid dispersion. There 

is no s ignificant d ifference between process ing at 1 1 00 bar and 900 bar, but production at 

700 bar wi l l  result in a larger average liposome d iameter. 

Table 3-3 General linear model terms for prediction of average hydrodynamic diameter as a function of 

phospholipid type, phospholipid concentration and Microfluidizer· pressure. 

Variable Value E ffect 

Phospholipid fraction Phospholac 0 .256  

SigP3644 -0 .048 

plus additional tenn: 

-0 .01 6  y nwnber of passes 

Concentration I% dispersion -0 .034 

5% dispersion -0 .020  

Pressure 700 bar 0.078 

900 bar No significant change 

3 . 5 . 2. 3  D iscuss ion 

T he observed effect of pressure, passes, and phospholipid concentration fit well with those 

reported in the l iterature, but it appears that most experiments using a M icrofluidizer R have 

u sed much lower pressures than those recommended by Microfluidics and therefore used in 

these experiments. 

Ko ide and Karel ( 1 987)  were among the first to use a M icrofluidizer R (mo de l  M- 1 1 0) to 

p roduce l iposomes, report ing an average l iposome diameter of 1 96 after l 0 passes at 1 40 bar 

( 2,050 psi) .  Barnadas-Rodriguez and S abes (200 1 )  used a smaller l ab-scale M icrofluid izer R 

( model l lOS) to investigate the effect of  a number of production variables on l iposome s ize. 

They reported that mean l iposome diameter decreased with increasing pressure (maximum 

p ressure 4 bar, 58 psi) and number o f  cycles, but that there was no effect of phospho l ip id 

concentrat ion. However, Bachmann et al. ( 1 993)  used a high-pressure homogenizer to 

produce liposomes and found that although higher homogenizatio n  pressures and repeated 
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recirculat ion lead to reductions in vesicle diameter and heterogene ity, s ize reduction was less 

effective at phospholipid concentrations above 1 0%. Skalko et al. ( 1998 )  reported a 

l iposome s izes of 250-300 nm after 3 passes and 99- 1 1 0  nm after 1 0  passes through a 1 1 0S 

M icrofluidizer®, but do not state the pressure used. Peel ( 1999) used a h igh pressure 

homogenizer to process pre-formed mult ilamel lar vesicles, and found that after 5 passes at 

1 30 bar ( 1 ,900 psi) the average d iameter stabilised at approximately 1 25 nm. Brandl et al. 

( 1 998) used a high pressure homogeniser at pressures of up to 140 MPa ( 1 ,400 bar; 20,000 

ps i) ,  and obtained liposome d ispersions with median d iameters of< 40 nm. 

3. 6 Effect ofprocessing on phospholipid oxidation 

T he peroxide value and level o f  conjugated d ienes present in each of the three fractions was 

measured before and after Microfluidizatio n  to provide an indicat ion of  the e tTect of  the 

process ing on phosphol ip id oxidation. Details of the methods used are given in section 6.2, 

Chapter 6: Liposome stability. 

T here was no increase in e ither the peroxide value or conjugated diene level in any of the 

p hospholipid solutions immed iately after Microfluidization or after a week stored at 5 oc. 

This suggests that the processing condit ions used to produce liposomes from the 

p hospholipid dispersions do not promote the oxidation reactions which lead to the formation 

o f  peroxides or  conjugated d ienes. This observation is in agreement with the resu lts of  

B arnadas-Rodr iguez and Sabes (200 1 ) ,  who reported that Microt1uidization d id  not cause 

any increase in phosphol ip id oxidation. 

3. 7 Conclusions 

T he dairy phospholip id fraction Phospho lac 600 and the two soy fractio ns S igP3644 and 

U ltralec P were chosen to be used in all further experimental work. These fractions were 

readily dispersed in an aqueous system and cycled through a Microfluidizer R to produce 

l iposomes. T he l iposome populations showed minimal changes in particle size during 

storage at 4 or 20 oc for 60 days. 
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The part icular phosphol ip id fract ion used to produce a l iposome dispersion had a s ignificant 

effect on the average l iposome diameter. Phospholac dispersions had a larger average 

l iposome d iameter than e ither S igP3644 or U ltralec dispersion under all condit ions 

examined. As expected, pressure, p asses and phosphol ip id concentrat ion also had s ignificant 

effects on liposome s ize . I ncreasing the pressure or number of passes resulted in a decrease 

in average l iposome d iameter, with a larger reduction in l iposome size at lower phospholipid 

concentrations. A basic model allowing the prediction of  average l iposome d iameter tor a 

g iven set of condit ions was developed. This model had an R2 value o f 95 . 5%, and offers an 

estimation of the l ikely effect on l iposome s ize of any proposed changes to the process ing 

method. 

It was necessary to determine standard processing conditions to be used throughout this 

work, and to ensure small fluctuations in the variables would not result in significant 

changes in the average s ize of the l iposome d ispers ion. However, this had to be balanced 

with time and equipment constraints. Unless stated otherwise, all subsequent liposome 

dispers ions were produced from 1 0% phosphol ipid dispersions being passed through the 

Microtluidizer R 5 t imes at 1 1 00 bar ( 1 7,000 psi) .  

There was no evidence of the M icrotlu idizing process causing any oxidative damage to the 

system. 
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Chapter 4:  Characterisation of phos pholipid fractions 

4. 1 Introduction 

L iposomes are made primarily of phosphol ip ids, and the phospholipid headgroup and 

specific fatty acids attached largely determine their behaviour. The analysis of a 

phospholipid fraction can provide information on the l ikely characteristics of  l iposomes 

produced from the fraction, including expected stabi l ity in different condit ions (van 

N ieuwenhuyzen and Szuhaj ,  1 998) .  

L iposomes used for delivering drugs must be consistent and well characterised to ensure 

efficacy and prevent negative s ide effects. To this end, the phosphol ip ids used in the 

pharmaceut ical industry tend to be highly purified and well defined. The fract ions usual ly 

o nly contain a single type o f  phosphol ip id, and may have only one specific fatty acid chain 

present. Phosphatidyl choline is the most common phosphol ip id used (New, 1 990b) , 

although it c an be desirable for the I iposomes to contain a mixture of  phospho l ipids .  

Negatively charged phospho lipids are o ften added at  5 -20 mol% to increase electrostatic 

repuls ion of the ves icles and thus improve stabil ity (Mart in, 1 990; Weiner, 1 995) .  The 

phosphol ip id blend used in such a s ituat ion wil l  often be produced in the laboratory by 

mixing several purified fractions to ensure an exact and consistent composit ion. T hese pure 

phospho lipid fractions are often very expensive, and the use of liposomes  produced from 

such fractio ns in food appl ications may not be economically v iable unless the end product 

commands a high price. 

I n  the food industry, the purity (and hence price) of the phospho l ipid fractions commonly 

used tends to be much lower. Even the fractions which have been through a number of 

purifying steps are still relat ively heterogenous (van N ieuwenhuyzen and Szuhaj ,  1 998 )  and 

contain several different phospho lipid types and a wide range of fatty acid chains . 

The different types of phospholipid most often found in commercial phosphol ip id fractions 

include phosphatidyl chol ine (PC), phosphat idyl ser ine (PS) ,  phosphatidyl ethanolamine 

( PE) ,  and phosphatidyl inos itol (P I ) . Dairy phospho lipid fractions may also contain 

s ignificant amounts of sphingomyel in ( S M) .  The phospholipid classes present w ill affect a 
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number of l iposome characteristics, including surface charge, resistance to destabilis ing 

influences ( i .e .  h igh ionic concentrat ion), and membrane permeability. 

T he fatty ac id profile of phospho l ip id fractions is dependent on  the origin ofthe fraction ( i .e .  

animal or p lant) and the processing steps ( i .e .  use ofhydrogenat ion) . The types of fatty acids 

affect the packing of the lipid b ilayer, influencing phase transition temperature, membrane 

permeabil ity and stabil ity, and suscept ibi l ity  to degradation react ions, such as oxidation 

(New, 1 990a) . 

This chapter presents results on the characterisation of the phospholipid fractions in their 

original powdered state, inc luding proximate analysis, ionic compos it ion, total phosphorous 

content, phosphol ip id clas s  and fatty acid composition. 

4.2 Materials and methods 

4. 2. I Proximate analysis 

A proximate analysis of the phospholipid samples (Phospholac, S igP3644, and Ultralec) was 

undertaken to provide information on the overall composition of the fractions . Full details o f  

these three phospho lipid fract ions and the reasons behind their select ion are given i n  Chapter 

3 :  Selection of phospholipid fractions and method of liposome production. 

4 .2 . 1 . 1  Moisture content 

Moisture was determined by the loss in weight of samples dried at 1 05 oc for 24 hours in an 

air oven. The analysis was performed in trip l icate. 

4 .2 . 1 .2 Protein content 

T he crude protein content of foo ds is usually derived by mult iplying the n itrogen content by 

an empirical conversion factor. However, the presence of n itrogen in each of the 

phospholipid molecules means that this approach cannot be used. T herefore, the ratio of 

n itrogen to phospholipid (both in g/ 1 OOg phospholipid fraction) was used to provide an 

indication of  the relat ive amount of  protein in the samples. The nitrogen content of the 

s amples was determined by the Kjeldahl method (AOAC official method 99 1 .20) .  T he 
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s amples and blank were d igested at 220 oc tor 60 min in  a Kjeltec 1 030 System (Tecator, 

S weden) . T he methods used for determining phospho lipid concentration are given in section 

4 . 2 .2 .  

4 .2 . 1 .3 Fat content 

F at content was determined by Soxhlet extraction ( AOAC official method 963 . 1 5) .  

Approximately 0 .5g of dried p hospho lipid fraction was accurately weighed into an  extraction 

thimble, and subjected to intermittent extraction using diethyl ether for 5 hours. Rotary 

evaporation was used to evaporate the solvent from the extracted fat, and t1ask containing 

the extracted fat dried in an air oven unti l  constant we ight . 

4 .2 . 1 .4 Cholesterol content 

T he amount of cholesterol present in the dairy p hospholipid fraction was measured using gel 

chromatography based on  the AOAC standards 933 .08 ,  970 .50  and 970. 5 1  (AgriQual ity, 

Auckland, New Zealand) .  A lthough there may be some level of plant sterols present in the 

soy phosphol ip id fract ions, these were not measured as no organization in New Zealand 

provided analysis of all three of the major sterols found in soy o il (s itosterol, campesterol 

and stigmasterol) .  The soy phosphol ip id fractions will not contain any cholesterol .  

4 .2 . 1 . 5  Ash 

T he ash content was determined by dry ashing, where the sample is heated in a muffle 

furnace at 5 5 0°C tor 5 hours, cooled in a dess icator, and weighed. 

T he mineral content was determined in more detail using an acid d igest and I nductively 

Coupled P lasma Optical Emiss ion Spectrometry (lC P-OES) (AgriQuality, Auckland, New 

Zealand). 

4.2. 2 Phospholipid concentration 

Neutral fat (triglycerides) w il l  not contribute to the formation of l iposomes . Therefo re, it is 

important to base experiments on phospho l ip id concentration rather than total tat . 
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P hosphorus content was determined by Fonterra Research Centre (Palmerston North, New 

Zealand) using an acid digest and I nductively Coup led Plasma Optical Emiss ion  

Spectrometry ( ICP-OES) .  An acidic solut ion of a product was prepared using n itric acid and 

hydrochloric acid, and a 3-stage digestion performed using a CEM Mars5 Microwave 

D igestor: 

Stage 1 - 300W at 60% power for 3 minutes 

Stage 2 - 600W at 60% power for 1 2  minutes 

Stage 3 - 600W at 80% power for 1 0  minutes 

T he digested sample was then analysed us ing Varian vista CCD S imultaneous ICP-OES .  

The 1 P-NMR analysis of phospho lip ids types performed by  Spectral Service (sect ion 4 .2 . 3 .2 )  

also determined total phosphorus content. 

4. 2. 3 Phospholipid type 

Three methods were used to determine the phosphol ipid types present in the phospho lipid 

fractions - H igh Performance L iquid Chromatography (HPLC), 3 1 Phosphorous Nuclear 

Magnetic Resonance e 1 P-NMR) and Thin Layer Chromatography (TLC) .  

TLC has been commonly used to  determine phosphol ipid composition for many years . [ t  is 

relat ively s imple and avoids the poss ible problems with UV detection that may be 

experienced in HPLC. However, it only provides qualitat ive results unless two-dimensio nal  

T LC or Automated Multiple Development TLC with post-derivat isat ion  and a scanner is 

used. HPLC provides quantitative results and can be performed using relat ively common 

l aboratory equipment .  To obtain accurate results with e ither method, it is recommended that 

a separate standard be used for each source of phospho lipids due to the different distribut ion 

of fatty acids. These standards are expensive, and only available for relat ively common 

phospho lipids. This is a major problem with the use of chromatography methods for 

identificat ion of dairy phospho l ip ids, as almost all standards are based on phospho l ip ids  

extracted from soy, egg or animal organs. 
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N MR exposes samples to radio frequency s ignals ( 1 0-600 MHz) and measures the resonance 

s ignal of certain atomic nuclei. The resonance frequency of phosphorus bound to other 

atoms differs  s lightly depending on the structure of the particular molecule. This means that 

each phospholipid type gives a separate s ignal, even when analysed as part of a mixture . The 

s ignal intensity is d irectly proportional to the number of p hosphorus atoms present, allowing 

quantitative results to be obtained. However, in many samples the formation of vesicles and 

micelles broadens the phospholipid s ignals, result ing in overlapping and higher background 

no ise .  Spectral Service (Koln, Germany) have developed a reagent which is added to the 

samples to prevent the formation o f  phospholip id structures without affecting the 3 1 P-NMR 

s ignal. This increases accuracy and precision  of the technique, and this method has been 

chosen by the I LPS ( International Lecithin and Phosphol ipid Society, a subgroup of the 

American O il Chemists Society) as the reference method to calibrate phospho lipid standards 

used in HPLC identificat ion (Diehl, 200 1 ,  2002) . The use of an internal standard al lows 

determination of the absolute amount of each phospho lipid without requir ing specific 

standards of the different phospholipid sources. 

4 .2 . 3 . 1 H igh  performance liquid chromatography (HPLC) 

The phospho lipid fractions were prepared by d issolving 0. 1 g of dry powder in 

chloroform: methanol (50 :  50 v/v) ,  and analysed using a 4.6 mm i . d. x 250 mm PV A-sil 

column (YMC-Pak, Japan) and an Alltech Varex ELSD MKI I I  vers ion 2 detector. The 

E LSD drift tube temperature was set at 80 oc with a gas flow of 2 .09 SLPM. A relatively 

complicated flow regime us ing three solvent mixtures was used as shown in T able 4- 1 and 

F igure 4- 1 .  
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Table 4-1 Flow regime for HPLC analysis of phospholipid fractions. Solvent A: n-Hexane:TBME (98 :2 

v/v); B: Iso-propanoi:Choloroform:Acetonitrile (84 :8 :8  v/v/v) with 2.5°/., glacial Acetic acid;  C: lso­

propanoi:Water (50:59 v/v) with 2'% Tri-ethylamine. 

Time Flow A (of.,) 
(mins) (ml/min) 

0 1 95 

1 0  1 80 

20 1 44 

50 1 .4 34 

50. 1 1 .4 30 

55 2 95 

60 2 95 

62 I 95 

Figure 4-1 Flow regime for HPLC as outlined in Table 4-1 .  

4 .2 .3 .2  Nuclear Magnetic Resonance (NMR) 

B ('%) c ('Y.,) 

5 0 

20 0 

52 4 

52 1 4  

70 0 

5 0 

5 0 

5 0 

The 3 1 P-NMR analysis of  the phosphol ip ids  samples was performed by S pectral Service 

( Koln, Germany) using a Bruker AC-P 300MHz Nuclear Magnetic Resonance Spectrometer. 
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4 .2 .3 .3  Th in  layer chromatography (TLC) 

Phosphol ipid fractions were d issolved in chloroform: methanol (50 :50  v/v) mixture then 

loaded o nto a fo il-backed S il ica 60 TLC plate. The spots were allowed to dry for 5 minutes. 

The plate was put in a glass TLC tank containing chloroform:methano l :water (60:35 : 5  v/v/v) 

mixture and the solvent allowed to run 70% the height of the p late. The p late was removed 

and air-dried for 1 0  minutes. The plate was then put into a TLC tank containing 

hexane : diethyl ether (70 :30 v/v) and 1 %  glac ial acetic acid and the solvent run in the same 

d irect ion up to 95% of the plate. The p late was air-dried for a further 1 0  minutes before 

developing. 

T he plate was then submerged in 1 0% CuS0�/8% H3PO-l solut ion for 2-3 seconds and any 

excess so lution removed using a paper towel. The plate was placed on hotplate pre-heated to 

1 80-200 ac, and the spots v isualised as charred brown areas after 2-5 minutes. 

4. 2. 4 Fatty acid profile 

T he fatty acid profile of the three fractions was determined using gas chromatography (GC) .  

4 .2 .4 . 1 L ipid Extraction 

An internal standard, cho lesteryl heptadecanoate (S igma, St. Louis, M isso uri) was added to 

samples prior to lipid extraction. L ip id from l . Og of sample was extracted as follows . 3 . 75  

ml of chloroform and methanol i n  a ratio of 1 : 2  (by volume) was added to  lg  of  the 

phospholipid fract ion and the solution vortexed for 1 minute then centrifuged at 1 500 g for 5 

minutes .  The supernatant was retained and the pellet re-extracted as above, adding 1 ml of  

water to  maintain the correct ratio o f  solvents. The two supematants were combined and 2 . 5  

ml  of  c hloroform and 0 .08% NaCl  (by weight) in  water were successively added w ith 2 

m inutes of vortexing after each add it ion. This produced a biphasic solution that was 

centrifuged at 1 500 g for 1 0  minutes to maximise the phase separation. The lower 

chloroform phase containing the p lasma l ipid was removed and p laced in the freezer 

overnight. After removal o f  any remaining upper phase, the l ipid extract was evaporated to 

dryness under a stream of nitrogen and reconst ituted in 50 111 of chloroform. A blank s ample 

( 1 ml  o f  water) was s imultaneously extracted. All  chloroform and hexane used were 
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pesticide res idue analys is grade and methano l was analytical reagent (AnalaR) grade (BDH 

C hemicals, Poole, England) . 

4 .2 .4.2 Fatty acid methyl ester preparat ion  

Three mil l i l itres of a 6% (by  vol) concentrated sulphuric acid in methanol solution were 

added to the isolated l ipid fraction as a methylating reagent. Fatty acids were methylated by 

acid-catalysed transesterification at 80"C for 1 2  hours in a sealed tube . After cooling to room 

temperature, 2 ml of hexane fol lowed by 1 ml of water were added to the sample w ith 2 

m inutes of vortexing separating each addit ion .  The upper hexane layer containing the fatty 

acid methyl esters ( F  AMEs) was removed and stored at -20"C until gas chromatographic 

analysis . Sulphuric acid was AnalaR grade (BDH Chemicals, Poole, Eng land) .  

4 .2 .4 .3 Separation of free fatty acids 

The methylated free fatty ac ids were separated by thin layer chromatography (TLC) .  TLC 

p lates were prepared by coating glass plates w ith a 0 . 50  mm layer of s i l ica gel G ( Merck, 

Darmstadt, Germany) ; 55 grams dissolved in 1 00 ml of a 0.02 mol/1 sodium acetate 

trihydrate (BDH Chemicals, Poole, England) so lution .  A solvent phase of to luene separated 

the lipid extracts into free fatty acid, and cho lesterol. P lates were sprayed with 0 . 1 %  (by 

weight) 8-ani l ino- 1 -napthalene sulfonic acid (AN S )  and free fatty acid bands visual ised 

under UV light. The blank sample, containing only the free fatty acid standard, was used to 

confirm the location of the free fatty acid band. 

4 .2.4.4 Gas chromatography 

The hexane in which the F AMEs were dissolved was evaporated under a stream of nitrogen 

in a rotary evaporator, and the F AMEs reconst ituted in 50 111 of hexane for analysis o f  fatty 

acid composit ion  by gas c hromatography (GC) .  FAMEs were separated using a BPX-70 

capil lary co lumn, 1 00 m x 0 .22 mm i .d . ,  0 . 25 11m film (SGE, Melbourne, Austral ia) . The gas 

chromatographic system cons isted of a 6890 GC equipped with an autosampler ( HP7673 )  

and Chem Station integrat ion (all Hewlett Packard, Avondale, PA) . The column oven was 

held at an in it ial temperature of 1 65"C for 52 minutes, then increased at a rate of 5"C/minute 

to a final temperature of 2 1 0"C for 59 minutes (total run t ime 1 20 minutes) . Both the injector 

and flame ionisat ion detector ports were at 250"C. Carrier gas flow (helium) was maintained 
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at 1 . 0 mVmin ( l inear gas veloc ity 20 cm/sec) throughout the temperature program wit h  an 

inlet spl it ratio of 30 :  1 .  

Fatty acid peaks were ident ified by retention time matching with authentic standards, 

including a composite standard made from commercially available methyl esters (NuCheck 

Prep, E lys ian, Minnesota and S igma, St. Louis, M issouri) . 

Results of the GC analysis were transferred by a Microsoft Excel macro program into a 

calculat ion spreadsheet which corrected for blank areas and computed the fatty acid 

compos it ion on a molar percent bas is (mol%) using the total integrated area. For the 

unidentified area an average molecular we ight o f  the identified fatty acid methyl esters, 

weighted according to peak area, was used to calculate mol% compos it ion. 

4.3 Results and discussion 

4. 3. 1 Proximate analysis 

The results of the proximate analysis of  each p hospholipid fraction are shown in T able 4-2. 

S igP3644 had the highest total l ipid content, almost 1 5% more than Phospholac, but 

contained less than half the ash content of the other two fractions. The lower l ip id content of  

Phospholac i s  balanced by  a higher protein content, as  indicated by  the h igher 

n itrogen:phospho l ip id ratio . There were also d ifferences in the carbohydrate and moisture 

contents of the three fractions. The cho lesterol content of the Phospho lac was very small, 

only 0 .032%. 

The Ultralec fraction had a high level of divalent cations, with >200 mg of both calc ium and 

magnesium per l OOg of the phospholipid powder. This greatly exceeds the < l Omg/l OOg for 

Ca2+ or Mg2+ found in e ither ofthe Phospholac or  S igP3644 fractions . Phospho lac contained 

h igher levels of the monovalent cations (potassium and sodium), while S igP3644 had 

relat ively low levels of all tour cat ions. 
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Table 4-2 Composition of phospholipid fractions as determined by proximate analysis. 

Component 

Lipid (%) 

C holesterol (%) 

Nitrogen: Phospholipid ratio 

Moisture (%) 

Ash (%) 

- calcium ( mg/ 1 OOg) 

- magnesium (mg/ l OOg) 

- potassium (mg/ l O Og )  

- sodium (mg/ l OOg)  

4.  3 .  2 Phospholipid content 

Phospholac 

53.0 

0 .032 

0.033 

5 .6  

1 4 . 8  

5 . 8  

1 . 8 

2060 

8 1 0 

SigP3644 Ultralec 

67 .7  6 1 . 1  

- -

0.0 1 4  0 .023 

3 .8  3. 1 

5 . 7  1 3 . 6  

3 . 6  200 

6.2 240 

4 1 5 1 7 1 0 

<0.6 8 .8  

The total phosphorus content of the phospho lipid fractions, as determined by ICP-OES and 
3 1 P-NMR, is shown in Table 4-3 . 

Table 4-3 Total phosphorus content of phospholipid fractions (g/kg), determined by two methods. 

Phospholipid fraction Total phosphorus (g/kg) Phospholipid (g/kg) 

ICP-OE S  1P-NM R  

Phospholac 29 .7  2 8 . 5  7 2 8  (73%) 

SigP3644 3 1 . 5 30 .2  772 (77%) 

Ultralec 29.4 2 7 . 9  7 1 8  ( 72%) 

To convert grams of phosphorous into grams of phospholipid, an average phospholipid 

molecular weight (Mr) of  775 (Asther et al. , 200 1 ;  Alvarado et al. , 2003) was used. I t  was 

assumed that there was no free phosphorus or other ent ities that contain phosphorus present 

in the sample, giving a molar ratio between phosphorus and phosphol ip ids of 1 : 1 .  Using this 

information and the basic formula 
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number of moles = 
mass 

llfr 

the grams of phospholipid per kg o f  the fraction were calculated. There were no s ignificant 

d ifferences between the phosphorous contents obtained by the two different methods, and 

the results for all three fractions were very s imilar. 

4. 3. 3 Phospholipid types 

T he HPLC traces for the three phosphol ip id fractions are shown in F igure 4-2 . T he 

composit ion ofthe different phosphol ip id fractions as determined by the d ifferent methods is 

summarised in T able 4-4. 

A s  expected, the HPLC profiles for S igP3644 and Ultralec were very s imilar, showing l arge 

peaks corresponding to PC and small peaks for PE and PS .  The major difference between 

them was the s ize of the PI peak, which was very small for S igP3644 but for the Ultralec 

fraction was only sl ightly smaller than the PC peak. The HPLC trace for Phospholac was 

more complex. PC was st ill the largest peak, but there were small peaks corresponding to 

PE ,  PL PS and SM.  

T here were also some smal l unidentified peaks at the beginning (24-25 minutes) of the 

p rofiles for all three fractions, and at the end ( 42 to 44 minutes) of the Phospho lac profile .  

Referring to the schematic shown inFigure 4-3, it is possible that these small peaks 

represented phosphatidyl glyercol and lysophosphatidyl chol ine (LPC) respectively. 
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Figure 4-2 HPLC traces for (a) Phosphoiac, (b) SigP3644 and (c) Ultralec as produced by the method 

given in section 4.2.3. 1 .  
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4 

Figure 4-3 Schematic showing expected elution positions of common phospholipids (Lutzke and 

Braughler, 1 990; Sas et al , 1999). l :  phosphatidylglycerol 2: phosphatidylethanolamine, 3 :  

pbosphatidylinositol, 4 :  phosphatidylserine, 5 :  phosphatidylcholine, 6 :  sphingomyelin, 7 :  

lysophosphatidylcholine. 

The 3 1 P-NMR results are also shown in Table 4-4, The N MR results show a higher 

proportion of po lar lipids in the product than the total amount of lip ids as measured by 

during the proximate analys is, but it is possible that there had not been a complete extraction 

of the lipids in the latter technique leading to under-est imat ion of the lipid content. The 

three fractions had similar polar lipid contents, but were quite different in terms of the 

relative amou nts of the spec ific phospho lipid classes .  Phospho lac was composed primarily 

of approximately equal quantit ies of PC, PE and sphingomyel in, with a smal l  amount of PI 

and PS .  This is in agreement with the l iterature reports on the phospholipid composit ion o f  

MFG M (Boyd e t  al. , 1 999:  Astaire e t  al. , 2003) .  The S igP3644 fract ion was mainly 

composed of PC, with about one third PE and a small amount of PI . Ultralec was also 

predominantly composed of PC, PE and P I ,  but it had less PC and more PI than the 

S igP3644 fraction. Approximately 5% of both S igP3644 and U ltralec belong to less 

common phospholipid c lasses grouped into the 'other phospholipids' category. 

Comparing the HPLC and 3 1  P-NMR results  ident ifies a number of discrepancies (Table 4-4) .  

In  general, the HPLC results for PC were approximately 1 5 % higher than the 3 1 P-NMR, and 

those for PE approximately 1 0% lower. The H PLC results also showed 5 mol% more PI in 

the Ultralec fraction than that shown by 3 1 P-NMR. 

Although it is poss ible that the extraction and purification of  the Phospholac fraction wi l l  

alter the phosphol ipid class  d istribution compared with the raw milk, i t  seems reasonable that 

1 0 1  



( 'hapter -1: Characterisation ofphospho/ipidfractions 

the d istributions wi l l  be s imilar. The phospho l ip id  content of  milk as publ ished by a variety 

of sources is shown in Table 4-5 .  The relat ive amounts o fthe different phospho lipids appear 

more in line with the values obtained using 3 1 P-NMR than those from HPLC. 

Table 4-4 Phospholipid class of  different fractions ('% of  total fraction). Results obtained using methods 

detailed in section 4.2.2. 

Lipid Phospholac ('%) SigP3644 ('%) Ultralec (%,) 

3 1P-NMR HPLC 3 1P-NM R  HPLC 31P-NMR HPLC 

Polar Lipids 72 .0  73 .9  68 .2  

Phosphatidyl choline 23 .6  38 .4  40 .9  57 . 3  24 .6  3 8 . 9  

Phosphatidyl 20 .2  1 0.6  2 5 . 4  1 1 .3 22 . 2  9 . 7  
ethanolamine 

Sphingomyelin 22 . 8  20 .4  Not Not Not Not 
detected detected detected detected 

Phosphatidyl serine 2 . 5  5 . 2  Not 1 .1 0 .5  0 .9  
detected 

Phosphatidyl inositol 2 . 6  3 .1 3 .6  1.2 1 3 . 3  1 7. 6  

Other phospholipids 0 .2  4 . 8  4 .1 2 . 9  6 . 9  1 . 2 

Table 4-5 Phospholipid classes present in bovine milk. 

Phospholipid class Amount 

Morrison ( 1968) Bitman and Wood ( 1 990) 

mol'Y., of total lipid phosphorous % of total phospholipid 1 

Phosphatidyl choline 34 . 5  25 .1 -35 .1  

Phosphatidyl ethanolamine 31 . 8  1 9. 8-31.1 

Sphingomyelin 2 5 . 2  2 8 . 7-34 . 1  

Phosphatidyl serine 3 .1  I. 9-8. 5 

Phosphatidyl inositol 4 . 7  4 .1-1 1 .8 

Lysophospholipids 0 . 8  Not given 

1 Variation over lactation ( days 3-1 80 ) . Data obtained with TLC/densitometry. 
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The TLC p late for the identification of the phosphol ip ids present in the three fractions is 

shown in F igure 4-4a. As the TLC method only uses a standard containing sphingomyel in, 

PC and PE,  it is useful to refer to the schemat ic T LC p late shown in F igure 4-4b. By 

comparing the expected posit ion of  PS  and P I  relative to the phosphol ip ids present in  the 

standard it is possible to ident ify these phospholipids in the commercial fract ions .  

The TLC p late shows that the Phospholac fraction i s  primarily composed of  sphingomye lin, 

PC and PE in roughly equal quantities .  There is a small amount of PS, with no obv io us P I .  

The Ultralec and S igma fractions have a higher concentration o f  P C  and P E ,  no 

sphingomyel in and noticeable amounts ofP l .  

ll 

l11 

std P S lJ 

(a) 

Front 1-----

OPE 

(b) 

Figure 4-4 (a) Scanned TLC plate prepared using method outlined in section 4.2.3.3. std = 

standard containing ( i )  PE, (ii) PC and (iii) sphingomyelin; P = Phospholac; S = SigP3644; l! = 

Ultralec. (b) Schematic of a TLC plate showing order of separation of different phospholipid 

classes. Based on Skipski et al. ( 1 962), Siek and Newburgh ( 1 965), and Fine and Sprecher ( 1 982). 

CL:  cardiolipin, LPC: lysophosphatidylcholine, PA: phosphatidic acid, PC: phosphatidylcholine, 

PE :  phosphatidylethanolamine, PI :  phosphatidylinositol, PS: phosphatidylserine, S M :  

sphingomyelin. 

The T LC plate shows that the Phospholac fraction is primarily composed of sphingomye lin, 

PC and PE in roughly equal quant ities .  There is a small amount of PS, with no obvious P I .  

The Ultralec and S igma fractions have a higher concentration of PC and PE, no 

sphingomyel in and noticeable amounts of P I .  
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T here are several unident ified bands for each fraction. The dark band immediately above PE 

i n  the soy  fractions i s  l ikely to  be PA, as the 3 1 P-NMR reports 2 .5% and 5% present in  S igma 

and Ultralec respectively. Phospholac has a faint band s l ightly above PE, which may be 

c ardio lipin (CL) .  Unfortunately the 3 1 P-NMR does not measure CL content, but Patton et al. 

( 1 969) reports that up to 1 %  of  the phosphorous present in bovine milk may correspond to 

C L. The S igma and Ultralec fractions also have small spots lower than the expected locat ion 

for sphingomyel in, which (referring to F igure 4-4b) seems l ikely to be lysophosphatidyl 

chol ine (LPC) . This is supported by the 3 1  P-NMR results which show small amounts of LPC 

present in both fractions ( included in 'other phosphol ip ids' in Table 4-4) .  Qualitative resu lts 

are summarized in Table 4-6, and appear to support those obtained by 3 1  P-NMR. 

Table 4-6 Qualitative assessment of the phospholipid classes present in different fractions by TLC. 

Phospholipid class Phospholac SigP3644 Ultralec 

Phosphatidyl choline C onsiderable C onsiderable Considerable 

Phosphatidyl C on siderable Considerable Considerable 
ethanolamine 

Sphingomyelin C onsiderable Not detected Not detected 

Phosphatidyl serine Trace Trace Trace 

Phosphatidyl inositol Not detected Moderate Moderate 

Other phospholipids Not detected Possibly Possibly 

4. 3. 4 Fatty acid profile 

There was a s ignificant difference between the types of  fatty acid found in the two soy 

fractions compared to the dairy fraction (Table 4-7 and F igure 4-6). The animal-origin of the 

dairy fraction is reflected in the higher percentage of s aturated and mono-unsaturated fatty 

acids, while the soy phospho lipids contain more poly-unsaturated fatty acids . I n  general, the 

measured amounts of the different fatty acids agreed w ith the values reported for the raw 

materials .  
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Table 4-7 Fatty acid content of phospholipid fractions. 

Fatty acid Phospholipid fraction (%) Literature values (%) 

Phospholac SigP3644 Ultralec Whole milk MFGM Soybean oil  

C l 4 : 0  3 . 1 0 . 1 0 . 1 1 2  1 . 9-2 . 2  T 

c 1 6 : 0  1 6.2 1 5 . 6  20 .0  26  1 6 . 5 - 1 9.4  1 1  

C 1 6 : 1 1 . 4 0 .2  0 .0 3 1 . 2- 1 . 6 T 

C 1 8 :0  1 0 .0  3 . 7  4 . 0  1 1  1 6 .3- 1 7.9  4 

C l 8 : 1 30 .3  8 .6  9 . 7  2 9  2 7 . 7-30.7 22 

C 1 8 : 2n-6 4 . 8  5 7 . 5  5 1 . 3  2 6. 1 -6 . 9  5 3  

C 1 8 : 3n-3 1 . 8 7 . 5  5 . 9  T 0.4-0.6 8 

C 2 0 : 2n-6 0 . 5  0 . 3  0 .3  T 0.5 - 1 . 5 T 

C 2 0 : 3n-6 0 . 7  0 .0  0.0 T 1 .0- 1 . 3 T 

C 2 0 : 4n-6 0 . 7 0 . 1 0 .2  T 0. 9-2 . 2 T 

C 2 0 : 5n-3 0 . 6  0 . 0  0.4 T 0.2-0.6 T 

C 2 2 : 0  4 . 2  0 . 2  0 .6 T 3 . 5-4.8 T 

C 2 2 : 5n-3 1 . 0 0 .0  0 .0  T 0. 5-0.6 T 

C 2 2 : 5n-6 6 . 5  0 . 2  0 . 3  T 0. 3-0. 5 T 

C 24 : 0  4 . 0  0 . 2  0 . 5  T 3 . 1 -3 . 9  T 

Literature val ues from G urr et al. ( 2002), except for MFGM val ues wh ich were taken rrom Fauquant er al. 

( 2005) .  T: trace. 
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Figure 4-6 Fatty acid types present in the d ifferent phospholipid fractions. 
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4. 4 Conclusions 

There are obvious differences between the fractions in terms of basic compos it ion, 

phospho lip id c lass d istribution and fatty acid profile in agreement with those expected based 

on the relevant l iterature. The soy-derived S igP3 644 and Ultralec had s imilar phospho l ipid 

profiles,  reflecting their common raw material . The primary difference between these two 

fractions  was the degree of purificat ion. S igP3644 had more PC and less PI than Ultralec, as 

well as a s ignificantly lower ash content. The dairy-origin o f Phospholac was reflected in its 

more h ighly saturated fatty acid profile, and the presence of 25% sphingomyel in. The 

Phospholac fraction had a s ignificantly h igher nitrogen:phospholipid ratio, with the 

S igP3644 n itrogen: phospho l ipid rat io less than half that of the dairy-derived fraction. T he 

Phospho lac fraction had a s imilar ash content to Ultralec, although with fewer divalent 

cat ions . 

The l iterature suggests that these differences may mean liposomes formed from the 

Phospholac fraction have a higher phase trans it ion temperature, are generally more stable, 

have a lower membrane permeabil ity and have a reduced suscept ibi l ity to oxidation than 

l iposomes produced from e ither the S igP3644 or Ultralec fraction. The accuracy of these 

statements will be invest igated in the following chapters . 
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Chapter 5: Physico-chemical characterisation of liposome dispersions 

5. 1 Introduction 

Knowledge of the phys ical and chemical characteristics of the liposome dispersion produced 

by a p articular phosphol ip id fract ion or processing method is very important. It allows an 

understanding of hovv l iposomes  are likely to behave under different conditions, and helps 

identify the types of applicat ions where the specific population may be advantageous. 

At a basic level, measuring the average s ize and s ize distribution of the liposome populat ion  

is essential, but a more thorough characterisat ion involves a number of properties which may 

provide an indicat ion  of l ikely entrapment and release kinetics and the stabil ity o f the system 

(Jousma et al. , 1 987) .  

The p hase transit ion temperature of a liposome populat ion directly affects membrane 

permeabil ity at different temperatures and hence the rate of release of entrapped material 

(Zeisig and Cammerer, 200 l ) .  The thickness o f  the b ilayer membrane is likely to atrect 

diffusion rates, as is lamellar ity, with mult i lamel lar liposomes thought to provide a more 

gradual and sustained release compared with unilamellar liposomes  (New, 1 990b). 

However, the additional bi layers present in multilamellar vesicles occupy internal space 

within the l iposome, thus reduc ing the entrapped volume and resulting in lower entrapment 

efficiencies for hydrophilic material (Arnaud, 1 99 5b) . The surface charge is o ften rel ated to 

stabi l ity  due to e lectrostatic torces between the liposomes, which are important as 

destabil ization of the system often leads to loss of entrapped material ( Keller, 200 1 ) .  

This chapter describes the physical and chemical character istics of l iposome systems formed 

from the phospho lipid fractions d iscussed in Chapter 4: Characterisation ofphospholipid 

fractions. 
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5.2 Materials and methods 

5. 2. 1 Phospholipid concentration of liposome dispersions 

Characterisat ion of l iposomes requires determination of the phospholipid concentration of 

the sample .  Therefore it is of  great advantage to have a quick, reliable and relat ively 

inexpens ive method for determining phospho l ip id concentrat ion. 

Direct ly measuring the phosphate concentration requ ires an acid-digestion step fo llowed by 

a colourmetric assay, as outl ined in section 4 .2 .2  (Chapter 4: Characterisation of 

Phospholipid Fractions) .  This is very t ime consuming and expens ive .  T LC plates provide 

qualitative identification of phospholipids and may be converted into a quantitative 

measurement through weighing of the spots. However, the precision and accuracy of this 

technique is unlikely to be very high. 

The fol lowing method was developed as a quick and cost-effective way to quantifY the 

phospho lipid content of the l iposome d ispersions. 

Phospho l ip ids were hydro lysed by phosphol ipase C (S igma, Catalogue #P7 147, 20 j..L l in 250 

j..L l of  0 . 1 M phosphate buffer, pH 7 .0 )  to  produce a diacylglycerol moiety and phosphatidyl 

choline or inos itol or serine or ethanolamine . Microbial l ipase hydrolyses the diacylglycero l 

to pro duce two fatty acids and glycerol, and the amount of  glycerol liberated i s  measured 

using glycerol kinase, glycerol phosphate oxide and peroxidase. The l iposome suspensio n  

was d i luted I :  1 i n  1 0% Triton X l OO, with further d ilutions using 5 %  Triton, i f  required .  The 

assay was performed using a Roche Cobas Fara II analyser ( Hoftmann La Roche. Base!, 

Switzerland) . A mixture containing 4 j..L l of  sample, 5 j..L I of  phosphol ipase C and 9 1  j..L I of 

water was incubated tor 5 minutes at 3 7 oc. The absorbance at 520 nm was then measured 

and 3 00 j..L l of the triglyceride reagent was added .  The mixture was then incubated tor 5 

minutes and absorbances read at l a-second interv als .  The reagent blank consisted of water, 

phospho lipase C and the triglyceride reagent incubated as above . 

This technique cannot determine sphingomyel in concentration, as it does not have the 

glyceride backbone found in the other phospho l ip id c lasses (section 2 . 3 . 1 in Chapter 2: 

Literature Review) . Therefore it was necessary to multiply any results tor the dairy 

phospho lipid fraction  Phospholac by 1 .25 to allow for the 20% sphingomyel in present. 
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It was also necessary to allow for any triglyceride present in the raw material, as the assay 

was unable to distinguish between the glyceride backbones from phospholipid or triglyceride 

sources .  The triglyceride content of the Phospholac, S igP3644, and Ultralec samples was 

measured using a triglyceride d iagnostic kit ( Roche D iagnostics Ltd, NZ; catalogue 

#20 1 6648) and found to be negl igib le, so no adjustment was made for these fractions . 

The assay was init ially cal ibrated using a Roche calibrator for which the concentrations of  

phospho lipid and trig lyceride are known, then checked using two Roche controls w hich also 

have known amounts of phosphol ip id and triglyceride. The cal ibrator and controls were 

both part of a Triglyceride diagnostic kit produced by Roche Diagnostics Ltd, NZ (catalogue 

#20 1 6648) . As a final c heck, samples produced by the technique described in sect ion 3 . 3 . 2  

( Chapter 3 :  Selection ofphospholipidfractions and processing method) were compared with 

those obtained for the same samples from the convent ional acid-digestion method. 

5. 2. 2 Hydrodynamic diameter 

5 .2 .2 . 1 Photon correlat ion spectrometry (PCS) 

The average hydrodynamic d iameter of the l iposomes was measured usmg a photon  

correlation spectrometer (PCS) ,  the Zetas izer 4 (Malvern I nstruments Ltd, U K) as  outlined in 

section 3 .4 . 1. 

5 .2 .2 .2  Asymmetrical F low F ield-Flow Fractionation ( AFFF) 

Asymmetrical F low F ie ld-Flow Fract ionation (AFFF) was used to provide more detailed 

information regarding the s ize distribution of the l iposome d ispersions . This was performed 

using a Postnova Avalanche AF4 AFFF ( Postnova, Munich, Germany) equipped with a 

PostNova RI Detector (PN 3 140) and a Precision Detectors PO Expert Mult i-angle Dynamic 

and Static L ight-scattering System (www.precis iondetectors .com) .  A channel spacer of 0 .25 

mm and a F ie ld Programming Method using Power Field Decay was used. The field was 

init ial ly held constant at 70% tor 4 . 8  minutes, then decayed at the rate of -p*4 . 8  minutes, 

where p=2 (to obtain a constant fractionation power) .  This method was des igned using the 

software provided w ith the system to give the optimum separation ( in terms of maximum 

resolution)  in 60 minutes for particles between 7 . 5  and 750 nm diameter. The crossflow and 
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expected part icle s ize of eluted material as a function  of t ime is shown in F igure 5- 1 .  

Channel outlet flow was held constant at 0 .3  ml/min, and the total run time was 60 minutes. 
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Figure 5- 1 Change in crossflow rate and eluted particle diameter over time resulting from 

programming conditions used for Asymmetrical Flow Field-Flow Fractionation (A FFF). 
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l iquid was drawn off with  filter paper. The mesh was examined using a Phi l ips  20 1 C  

Transmission E lectron Microscope (Eindhoven, Netherlands) . 

5 . 2 . 3 .  1 . 2  Thin section TEM 

The l iposome d ispersion was mixed with  low-temperature gelling agarose. The agarose 

embedded samples were cut into � l mm3 cubes, put into a bijoux bottle containing 3% 

glutaraldehyde in  0 .2M sodium cacodylate buffer and kept at 5°C for 24h. The 

g lutaraldehyde was removed by r insing twice with 0 .2M sodium cacodylate buffer for 2 

hours, then the samples were left in l %  osmium tetroxide overnight at room temperature. 

They were washed twice w ith distilled water, placed in 1 %  uranyl acetate for 30 minutes, 

then washed twice more with d istilled water. 

T he embedded samples were dehydrated at 5°C using 25 % acetone tor 1 5  minutes, then 

5 0%, 70% and 90% acetone for 30 minutes each, fo l lowed by 1 00% acetone. The acetone 

was replaced with Procure 8 1 2 embedding res in, and put on rollers for 24 hours. A c ube o f  

the sample  was p laced into an embedding capsule and this was cured at 6 0  °C for 48 hours . 

The embedded samples were then sect ioned to a thickness of 90 nm using the Re ichert 

U ltracut microtome. These sect ions were mounted on 3 mm copper grids and stained with  

lead c itrate before examinat ion in a Phil ips 20 1 C  Transmission E lectron Microscope 

(Eindhoven, Netherlands) at an accelerating voltage o f 60 kV. 

5 .2 . 3 .2  Cryo-Field Emission Scanning Electron Micros copy (Cryo-FESEM) 

Samples were plunge-frozen using l iquid propane, before being frozen with s lushy l iquid 

nitrogen at - 140 ac. They were then fractured with a knife on the Alto 2500 Cryo Stage 

(Gatan, UK),  and freeze-etched by rais ing the temperature from - 140 oc to -90 ac before 

returning to - 1 40 oc. The exposed surface was then coated with Au and Pd for 1 20 seconds, 

before be ing examined under the JSM-6700F F ield Emission  Scanning EM (JEOL, Japan) .  

A n  accelerat ion voltage o f  1 0  kV was used. 
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5. 2. 4 Zeta potential 

The electrical potential at the plane of shear as l iposomes move in an e lectrical field is called 

the zeta potential (Jones, 1 995 ) .  The zeta potential of a d ispersion provides an indicat ion of  

the sur face charge of  the part ic les. This i s  important as  a surface charge determines inter­

particle interactions and hence contributes towards resistance to aggregation ( Lasic, 1 998 ;  

Keller, 200 1 ) .  

L iposome dispersions were prepared by  the standard technique using 0. 1 M NaCI as  the 

aqueous phase.  The pH o f the dispersions was adj usted using I M HCI and 1 M NaOH, and 

di luted as required using 0 . 1 M NaCl solution that had also been adjusted to the specific pH. 

Zeta potential was measured using a Zetas izer 4 (Malvern I nstruments, UK) with an AZ 1 04 

cell .  F ive measurements of 25 seconds duration  at 1 00 m V were used to measure the zeta 

potential at the stationary layer 14 .63% of the capil lary diameter in from the wall . 

5. 2. 5  Phase transition temperature 

L iposome d ispersions prepared by the standard technique were concentrated using Sartorious 

Centrisart I 1 3239-E centrifuge filters. The technique involved centrifugation at 4000 g tor 4 

hours in a CentraMP4R centrifuge (International Equip ment Company, MA). 

The concentrated dispersions were fi lled into 1 cm3 ampoules, and a CSC 4 1 00 (Calorimetry 

Sc iences Corporation, Spanish Fork, UT) DSC used to scan from 0-60 oc at a rate of 1 oc 

per minute. 

5. 2. 6 Bilayer thickness 

Small angle x-ray diffraction allows the determination o f  the lamellar bi layer thickness for 

the phospho l ip id as well as providing an indication of  the lamellarity of  a liposome 

populat ion (Bouwstra et al. , 1 993 ) .  

L iposo me d ispersions were prepared using the standard method.  Aliquots were concentrated 

to approximately 20% p hosphol ipid using Centrisart 1 1 9239E centrifugal filters at 4000 g 

tor 2 hours in a CentraMP4R centrifuge ( International E quipment Company, MA) .  
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For the small angle x-ray d iffraction measurements, the samples were transferred into glass 

capillary tubes ( 1 . 5 mm d iameter, Charles S upper Company, MA, USA) and then the 

scattering pattern was measured during exposure to low divergence CuKa radiat ion  that had 

a wavelength of 1.54 A ( Rigaku MicroMax007, micro focus rotat ing anode generator with 

Osmic multilayer confocal optics; Japan, USA), The exposure time varied from 10 to 1 5  

min. The d iffraction images were recorded on a RAxisl V++ image-plate detector (Rigaku, 

F uj i ;  Japan) placed 1 00-300  mm from the sample. Diffraction patterns were v isualised  and 

analysed using CrystalClear software (version 1 .3 .6SPO, Rigaku-MSC; Japan, USA) . 

The repeat distance between the lattice planes for each of the l iposome d ispersions was 

calculated within the CrystalClear software using Equation 5 - 1 : 

A 
d = ---,-----:-

2 sin(_!_ tan �J 
2 X 

Eq 5-l 

where d is the repeat distance between the lattice planes, A. is the wavelength of the X-ray 

beam, x is the radius of the De bye ring and X is the d istance between the sample  and the 

detector. The distance X is accurate to 0.2 mm and was determined from d iffract ion 

patterns taken at different rotat ional settings of three-dimens ional crystals. 

5. 2. 7 Permeability 

The rate at which the entrapped molecules pass through the bilayer will directly affect the 

useful shelf-l ife and the possible applicat ions for that particular l iposome dispersion .  

Permeabi l ity can be difficult to  measure, w ith many authors merely measuring the release o f  

a n  entrapped compound (often a fluorescent marker) over time to provide an indicat ion o f  

the permeabi l ity of  the membranes (Sagrista e t  al. , 2000; M a  et al. , 2002 ; Bayazit, 2003 ;  

Cocera et  al. , 2003 ; J in e t  al. , 2005 ; I sh ida e t  al. , In press) . The use of  pulsed-field-gradient 

NMR to measure the actual rate of diffus ion  of molecules through liposome membranes i s  

relat ively new, so i s  covered in  detail below. The specific technique used here combines 

ideas from a number of authors, and provides a more comprehensive approach than can be 

found in any s ingle published article at this date (J. Hindmarsh, 2005 unpublished work) . 
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5 .2 .  7 . 1 PFG NMR diffusion measurements 

PFG N MR has been widely used for the direct determination of the self-diffusion 

coefficients (D) of molecules. N MR PFG can quantify the net d isplacement (r ' - r) of 

group of molecules, where an indiv idual molecule moves from r to r '  over a given per iod of  

t ime . Provided the net d isplacements for the molecules fol low a Gaussian d istribution, 

E instein ' s  relat ionship ( r '-r )2 = 6Dt0 is val id (the mean squared d isplaceme nt of 

molecules scales l inearly for the d iffusion t ime t0), and the self-diffusion  coefficient can be 

determined. 

There are a range o f PFG experiments of varying complexity. r n the s implest version, a 90°-

1 800 spin-echo experiment is used together with two field gradient pulses. The pulse 

sequence is shown in Figure 5-2. The relative echo intensity (£) is a function of  the 

experimental parameters 8 (duration of the magnetic field gradient pulse), £.. (equ ivalent to 

the d iffusion time t0, time internal between gradient pulses) and g (the magnitude o f the field  

gradient) . For the short-gradient-pulse l imit (SGP l imit) or narrow-pulse approximation, 

where mot ion during the duration of the gradient pulse is ignored ( 8--+0 and 8 << £..) ,  the 

relative echo attenuation is shown by Equation 5-2 .  y is the gyromagnetic ratio for proton 

NMR eH), 2 . 675x l O  s·1 r 1 . 

Eq 5-2 

I t  is often not possible to obtain sufficiently short gradient pulse duration (8) to ful fi l !  the 

SGP condit ion, so for fin ite gradient durations the d iffusion  time ( to) may be adjusted 

(Equation 5-3) .  This means that Equation 5 -2 may now be expressed as shown in Equation 

5 -4 (Callaghan, 1 993) .  

t[) = (6. - 513 )  E q  5-3 

E(g, £.., 5) = exp(- A2 52 g 2  (£.. - 5 13 )  · D) Eq 5-4 

1 1 4 



Chapter 5: Physico-chemical characterisation of/iposome dispersions 

g 

Figure 5-2 Pulse sequence for simple PFG experiment. 

5 .2 .7 .2  Two compartments with free and restricted diffusion 

Echo 

The s implest mode l of  a l iposome consists of two separate compartments (one intracellular 

and one extrace llular) w ith a boundary permeabil ity of zero, i.e. there is no exchange of  

molecules between the two compartments . The free d iffusion in  the exracel lular 

compartment can be fo llowed using Equation 5 -4 .  The movement of  the intracel lar 

molecules is restricted to the volume of  the l iposome cel l, resulting in a non-Gaussian 

d istribution of the molecule d isplacements. This means that the echo attenuation can no 

longer be described by Equation 5-4. I f the geometry of the l iposome cell is approximated to 

a sphere, the echo attenuation of the intracellular compartment can be described by Equation 

5-5 (Packer and Rees, 1 97 1  ) . 

Eq 5-5 

I n  this e quation, R is the inner l iposome radius, D is the unrestricted self-diffusivity of  the 

l iquid and Am is the mth pos it ive root of Equation 5 -6, where ln is a n1h order Bessel function. 

Usually the 5th posit ive root is sufficient. 

13 / 2  (A-R) = A-RJs 1 2  (A-R) Eq 5-6 

The total echo s ignal attenuation (£101) in a system composed of two compartments ts a 

superpos it ion of  the weighted s ignal from the intracellular (Sintra,rcstricted) and extracel lular 
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(Scxtra.frce) components ( Equation 5-7) (Pfeutfer et al. , 1 998) .  I n  this equation, P t and P2 are 

the relative volume fractions of the molecules in the intracellular and extracel lular 

compartments respective ly, and therefore p1+p2=l .  

( ' ' ' ( £tot = Sintra,restricted + Sextra .}i-ee = P1 · E (g, f'.., O, R) + P2 · eXp - y"g"5" /'1, 

Eq 5-7 

Virtually all liposome d ispersions wil l  have some sort of distribution of  l iposome s izes, and 

so it is necessary to mod ifY Equation 5-5 to include a probabil ity d istribution of  radii, P(R) 

(Packer and Rees, 197 1 ) .  S ince the magnitude of  the NMR s ignal is proportional to the 

volume of material, a volume average of the attenuation is used to obtain Ep, the total signal 

attenuation tor a l iposome populat ion ( Equation 5-8) .  

Ep 
r": R ' P( R )dR Jo 

Eq 5-8 

The s ize d istribution of systems formed through shearing ( i .e .  emulsions) ha<; been found to 

fit a log-normal distribution (Equation 5-9 ) ,  where a is the variance and R0 is the volume 

weighted geometric med ian radius of the distribut ion (Holl ingsworth and Johns, 2003) .  

P(a) 1 [ (In R - ln R0 Y -( 1 1 ,  exp - , 

Ra 2;r) · 2a· 

5 .2 . 7 . 3  Exchange between two compartments 

Eq 5-9 

A more complex (but usually more accurate) model of a l iposome d ispersion assumes that 

there is some molecular transport and exchange between the two compartments ( Karger and 

Heink, 1 983) .  In this model, it is assumed that the exchanging species experiences free 

d iffus ion  in each of the compartments .  The rates of  exchange for the molecules are 

combined with  the diffusion equations to give the mean residence t ime in a pool ( i. e .  the 

time after which the populat ion is reduced to 1 /c). For a system consist ing of two 

compartments with d iffusion constants D u, exchange t imes Tu and with relative vo lume 

fractions p1 ,2 the echo attenuation is described by Equation 5 - l 0 (Price et al. , 1 998) .  
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S upplementary equations explaining some of these terms are shown m Equation 5- 1 1  

through to Equation 5- 1 5 .  

E q  5-1 0  

E q  5-1 1  

E q  5-1 2  

Eq  5-13  

Eq  5-1 4  

Eq 5-1 5  

To allow for the spherical geometry of the intracellular compartment, the model may be 

extended to include partial restriction of  diffusion at the cell wal l .  This is ach ieved by 

replacing the intracel lular d iffus ion  coefficient D1 in Equation 5- 1 1  and Equation 5- 1 3  w ith 

an apparent d iffus ion coefficient (Dapp.intra) as shown in E quation 5- I 6 (Pfeuffer et al. , I 998) .  

This i s  dependent o n  the d iffus ion  t ime, and i s  the partial derivative of:  Equat ion 5-5 ,  where 

Dapp.intra is defined for ll.go · R < l only. By exchanging Dr for Dapp.intra in Equation 5 - 1 1  and 

us ing Equation 5-8 and E quation 5-9, the equation is adapted to allow tor a d istribution o f  

l iposome s izes. 

Dapp .int ra (t[) ) = 
a l n  E(g, 1'1, o, R) 

o(ll.2g 2o2) to 
Eq 5-1 6  
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5 .2. 7 .4  L iposome Diffusion 

At low concentrat ions, l iposomes d ispersed in a low viscos ity l i quid such as water will freely 

d iffuse. This can be described by Stokes-Einstein equation (Equation 5- 1 7) where k i s  the 

Boltzmann constant, T is the abso lute temperature, 11 is the viscosity of the solution and Rout 

is the outer radius of the l iposome cell . 

kT 
Eq 5-1 7  

T he individual molecules forming the l iposome will have a displacement due i n  part to the ir 

own self-diffusion  within the membrane, and also due to the movement of the ves icle .  The 

apparent diffusion  coefficient Dapp.intra I D 1 of the intracellular l iquid may be combined with 

the l iposome diffus ion coefficient Dedi to produce an effect ive diffus ion  coefficient for 

molecules inside the cell (Equation 5- 1 8) (Goudappel et al. , 200 1 ) .  

Eq 5-18  

T he l iposome diffusion coefficient Dccli can be determined from the PFG NMR d iffusio n  

measurements by tracing the attenuation of  the signal fro m  the l ipid peaks i n  the N MR 

spectrum. This assumes that only a min imal amount of l ip id in the sample is not contained 

in the l iposome membrane, and therefore any movement of lip ids detected by the PFG N MR 

experiment may be associated w ith the diffusion of  the l iposome. The value of Dcci i i s  

o btained by fitting the attenuat ion  data to Equat ion 5-4. 

5 .2 . 7 . 5  PFG NMR diffusion  measurements 

PFG NMR diffusion measurements were performed usmg a Bruker Avance 500 Mhz 

spectrometer with a 50 G cm- 1 z-gradient. The gradient strength (g) ranged from 5 to 50  

G cm- 1 i n  32  steps, with a gradient pulse width ( b) of 5 ms. Several measurements vvere 

taken for each sample, with � values of 60, 80, l 00 and 1 50 ms. The l iposome d ispersions 

used in this experiment had been prepared in d istilled water to minimise signal interference 

from the buffer salts and were concentrated using ultracentrifugation. I nitial results were 

compromised by the peak correspond ing to the diffusion  of  the l iposomes w ithin the sample  

being s ignificantly larger than the peak from the d iffusion o f  the water molecules between 
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the intra- and extraliposomal spaces .  S mall buds of  cotton wool were p laced in the bottom 

o f the NMR tube and suffic ient of the concentrated d ispersions added to moisten the wool .  

This reduced the diffusion ofthe liposomes within the sample to close to zero. 

Mode ls were fitted to the PGG NMR experimental data using the non-l inear least-squares 

regression  analyses in Matlab ( Version 6 . 5  The Mathworks Inc) .  For the two compartment 

model with no exchange ( Equation 5-7) ,  the fitted parameters were P I ,  D2, R0 and cr. For the 

two compartment model w ith exchange (Equation 5- l 0 through to Equation 5- 1 6) ,  the fitted 

p arameters were P I ,  D2, 1 1 ,  Ro and cr. 

5. 2. 8 Lamellarity 

T he lamel larity of a l iposome is the number of concentric bilayers that are present in the 

vesicle. U nilamellar ! iposomes have o nly one membrane, while multi- lamel lar l iposomes 

w il l  have two or more. 

I f  internal membranes are occupying space inside the aqueous core of  the l iposome, the 

entrapped vo lume wil l  be reduced (section 5 .2 .9 )  as will its abi l ity to efficiently entrap 

hydrophil ic  material . However, multi-lamel lar l iposomes may have advantages in allowing 

the sustained release of entrapped material over a longer period of t ime. For further 

d iscussio n  on the lamellar ity of l iposomes, refer to section 2 .6 .4 in Chapter 2: Literature 

Revinv. 

5 .2 .8 . 1 Methods 

5 .2 .8 .1 . 1  Manganese chloride 

T he technique described by Hope et al. ( 1 985 )  was used to provide an indication of the 

l amellarity of the l iposome dispersions .  Briefly, the l iposome dispersio n  was centrifuged at 

8 5,000 g tor 24 hours and the pellet resuspended in deuterium oxide to give a final 

phospholipid concentration of approximately 1 00 g/L. This was then di luted 1 :  1 with e ither 

water or an aqueous MnC h  solution (final concentrations 1 -20mM Mn2+) .  The presence o f  

the Mn2+ ions broadens the 
J I  

P-NMR s ignal from the phospholipids i n  the outer layer of the 
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external bilayer, and at a relat ively high concentration o nly the s ignal from the internal 

p hospholipids should be detected (Fresta et al. ,  1 995) .  The ratio ofthe 3 1 P-NMR s ignals was 

calculated, us ing the sample free of Mn2+ as the reference. The ratio indicates what 

proportion of the phospho lipids present are in the interior of the l iposome, for example a 

value of  0 . 5  would suggest that 50% of the phospholipids were inside the liposomes, 

indicating that the liposomes were l ikely to be primari ly unilamellar .  I ncreasing the number 

o f  membranes inside the J iposome would increase the proportion of phosphorus that was 

unquenched, as a smaller fraction of the total phospholipid present would be on the exterior 

of the l iposome and therefore exposed to the Mn2+ ions . 

S pectra were obtained usmg a 400. 1 MHz NMR spectrometer operating at 1 62 MI-Iz. 

Accumulated free induction decays correspo nding to 256 trans ients were collected using a 

9 .66 )lS 90° radio frequency pulse, gated proton decoupl ing and a 65 kHz sweep width. An 

exponential multiplicat ion corresponding to a 1 5  Hz line broadening was applied prior to 

Fourier transformat ion. The presence of  the deuterium oxide provided a lock s ignal for the 

NMR. 

T he accuracy of the di lution with water or MnCh solut ion  was checked using the method 

o utlined in sect ion 5 .2 . 1 to ensure the phospho lipid concentration was the same for each 

sample. These were cons istent to within ± 5%. 

5 .2 .8 . 1 . 2 Lanthanide shift reagent 

Difficult ies w ith the above method (as outlined in sect ion 5 . 3 .7 . 1 )  led to it be ing repeated 

using the lanthanides europium (Eu3+) and ytterbium (Yb3+) as a shift reagent. I nstead of  

s imply broadening the s ignal from the external phosphol ip ids, the lanthanide shifts the peak 

from these phospholipids s ideways from the original posit ion (Perrett et al. , 1 99 1 ; and 

Hauser, l 993a) .  The higher the concentrat ion  of lanthanide used, the further the s ignal is 

shifted from its original pos ition, but the broader the new peak ( Prosser et al., 1 998) .  

Therefore, the optimum concentration i s  a trade-off between ease of different iat ion from the 

internal phosphol ipids and the need to obtaining a clearly defined peak. 

5 . 2.8 . 1 . 3  Ultracentrifugation 

L iterature suggests that u ltracentrifugation may be used to separate uni- and mult ilame llar 

l iposomes. Perk ins et al. ( 1 993) states that 5 ,000- 1 0,000 g is usually sufficient to sediment 
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ML Vs, while Hauser ( 1 993a) reports that a supernatent containing only SUV s may be 

obtained by centrifuging the dispersion at 1 00,000 g for 30 minutes or more. T he l iposome 

dispers ions were centrifuged at 1 00,000 g tor 2 hours . The layers were separated, and 

part icle s ize measured ( section  3 .4 . 1 ) .  N egative staining electron microscopy was used to 

check the lamellarity of the l iposomes. 

5. 2. 9 Entrapped volume 

A s imple method using 1 H-NMR for est imat ing the entrapped vo lume per mass o f  

phospho lipid i n  a liposome populat ion was used.  L iposome dispersions were made us ing the 

standard production  technique. No hydrophilic or hydrophobic materials were added to the 

vesicles. The l iposome dispersion was centrifuged at 85 ,000 g for 2 hours to torm a pel let. 

The centrifuge tube was inverted and left upside down for 30 minutes to drain all excess 

l iquid, then the pellet surface and walls o f the tube r insed twice with deuterium oxide . The 

pellet was resuspended in deuterium oxide (D20)  to give a final phosphol ip id concentration 

of approximately 1 00 g/L. The l iposome membrane is h ighly permeable to both H20 and 

020, so these rap idly equil ibrate through the system. A cal ibrat ion curve of 1 H-NMR 

s ignals for known amounts of H20 in 020 is used in combination with the 1 H-NMR s ignal 

for the sample to identify the amount of water present. Once the phospholipid concentrat ion 

is known accurately, the entrapped volume can be reported as mg lhO/g phospho l ip id .  

Unfortunately there was a proportion of the l iposome population which did not sediment 

even when centrifuged at 1 00,000 g tor up to 8 hours . This has been identified as a potential 

problem when using centrifugation to collect l iposomes in populat ions containing SUV s, 

LUVs, or where the ir density is close to that of the solut ion (Perkins et al. , 1 993) .  If the 

majority of the Iiposomes remaining in the supernatant are SUVs the entrapped volume is 

l ikely to have been over-estimated as it has not taken in account the small l ip id-to-volume 

ratio of this class o f l iposome .  However, if they are primarily LUVs, entrapped volume may 

have been under-est imated as this c lass has a higher entrapment volume than e ither SUVs or 

MLVs. 

An alternative method was used based on the membrane impermeable dye 5 -6-

carboxyfluorescein (CF) (Jousma et al. , 1 987) .  Buffer containing 3 . 5  mM CF was used to 

produce liposome d ispersions by the standard method, and unentrapped CF separated from 
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the l iposomes and entrappe d  CF by passing aliquots of t he d ispersion through a 1 OOx 1 Omm 

column containing Bio Gel  P-6 DG desalting gel (B ioRad, catalogue 1 50-0738) .  The 

l iposomes were then d isrupted using Triton X- 1 00 and the amount o f  C F  present measured 

using a luminescence spectrophotometer LS50B ( Perkin E lmer, Wellesley, Massachusetts, 

USA) with A.ex = 492 nm and A.em = 5 14 nm. This was combined with the CF concentration 

of the init ial dispersion and the phosphol ip id concentration of both samples to obtain the 

mil l i l itres entrapped per gram of phospholipid. 

5. 2. 1 0  Raman spectroscopy 

All spectra presented were recorded on a Bruker I FS66 FTIR spectrometer w ith a F RA I06 

Raman module attachment. The instrument was connected via optical fibres to a Nikon 

microscope. OPUS software was used. The detector was a l iquid nitrogen-cooled Ge diode, 

and the excitat ion source was an Nd:YAG laser at 1 064 nm. No white l ight background 

correction was performed. 

The samples were placed directly under the microscope and the object ive magnificat ion was 

set to 20x. The spectral running condit ions used 2000 scans from each sample, which takes 

30 min to collect tor a good s ignal-to-noise ratio, averaging at an 8 cm spectral resolution 

and a maximum laser power of 20 mW. This low power was chosen in order to ensure that 

no sample degradation occurred. 

5.3 Results and discussion 

5. 3. 1 Hydrodynamic size 

5 .3 . 1 . 1  Photon correlation spectroscopy ( PCS)  

Table 5- l shows the average hydrodynamic diameter o f  l iposome dispersions, containing no  

entrapped compounds, produced by  5 passes through the Microfluidizer R at 1 1 00 bar. All  

samples had a high polydispersity value of approximately 0 . 5 ,  indicating a very w ide part icle 

s ize d istribution. 

1 22 



Chapter 5: Physico-chemical characterisation of/iposome di,lpersions 

T able 5-l Average hydrodynamic diameter (Zave) of liposome dispersions made from a l O'Y., 

phospholipid solution using a Microfluidizer· at 1 100 bar for 5 passes, as measured by photon 

correlation spectroscopy (PCS). 

Sample z.,e (nm) 

Phospholac 95 ± 5 

S igP3644 8 1  ± 5 

Ultralec 79 ± 5 

L iposomes produced from the Phospho lac fraction had the highest average diameter 

( approximately 95nm), about 1 5  nm larger than those made from e ither the S igP3644 or  

U ltralec fractions. L iposomes produced from SigP3644 and Ultralec had s imilar average 

d iameters. These results are in general agreement with Zeis ig and Cammerer (200 I ) , who 

reported that l iposomes  produced by Microflu idisat ion had an average diameter of I 00-200 

nm w ith a po lydispers ity of between 0.2 and 0 .6 .  For further discussio n  regarding average 

s ize and polydispersity of l iposome dispersions produced using a Microfl uidizer R refer to 

Chapter 3: Selection of phospholipid fractions and processing method. 

5 . 3 . 1.2 Asymmetric F ield F low Fractionation (AFFF) 

F igure 5-3 shows the normalized response ofthe 90° detector tor various l iposome diameters 

(as determined by l ight scattering) . This provided an indication of the relative proportion o f  

l iposomes present tor each diameter. However, care must b e  taken when interpreting results 

as increas ing the particle s ize results in increased scattering for the same number of part icles .  

L iposomes made from all three of the phosphol ip id fractions had a primary peak between 50  

and 1 00 nm, w ith  a long tail stretching past 1 000 nm. The length o f  this tail i s  i n  agreement 

w ith the very high polydispersity values of 0 .4-0 .5 obtained by the Zetas izer. However, as 

scattering the intensity is proport ional to diameter to the s ixth power, it is unl ikely that there 

were a s ignificant number of the l iposomes with an average d iameter over 300 nm. 
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Figure 5-3 Normalised 90" detector response for specified liposome diameters on (a) log and (b) linear 
scales as determined by Asymmetric Field Flow Fractionation (AFFF). 

The S igP3644 dispersion also appeared to have a small peak at 1 5  nm This is smal ler than 

the 20 -25 run theoretical minimum l iposome diameter (Reineccius, 1 995b) . This minimum 

is based on assumpt ions regard ing thickness of the bilayer (Watwe and Bellare, 1 995 )  and 

overcrowding of phospholipid headgroups causeded by surface curvature (New, 1 990b) . I t  

has been suggested that Microfluidizat ion may produce micelle-like structures (Las ic et al. , 
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1 993) but other workers have refuted this (Skalko et al. , 1 998) .  Assuming that the micelle is 

composed of  a monolayer of phospholipid molecules with the hydrophobic fatty acid chains 

touching in the middle, its d iameter would be approximately the same as the thickness of the 

b ilayer. Watwe and Bellare ( 1 995) report membrane thickness in l iposomes as being 

approximately 4 nm, while the results from X-ray diffraction presented in section  5 . 3 . 6  range 

from 4 .7-6 .8  nm, too small for micelles to be respons ible for the peak at 1 5  nm. 

G oormaghtigh and Scarborough ( 1 993) used a glycerol dens ity gradient to separate bands of 

S UVs, and found that 76% of the l iposomes present in one of their preparations were smaller 

than 22 nm in diameter, and 63% had d iameters of between 1 1  and 1 9  nm. Therefore, it 

s eems probable that the small particles observed using AFFF were indeed very small 

l iposomes.  

5. 3. 2 lv!icrostructure 

A variety of electron microscopy techniques are available, including negative staining or thin 

s ection Transmission  Electron Microscopy (TEM) and Cryo F ie ld E missio n  Scanning 

E lectron Microscopy (Cryo-FESEM) . ln addition to s imply confirming the presence of 

l iposomes, all three methods provide information on l iposome size and shape, and the TEM 

techniques may also give an indication of lamellar ity. 

An attempt was made to use image analys is computer software to obtain quantitative 

information regarding particle size and s ize distribut ion. Unfortunately, this was not 

s uccessful due to inadequacies in the software which d id not allow it to differentiate between 

c lustered l iposomes .  Therefore, all s ize assessment of micrographs was performed manually 

and s ize ranges are only intended as an indicat ion oftypical l iposome d iameters . 

5 .3 .2. 1 Transmission  E lectron Microscopy (TEM) 

5 . 3.2 .1 .1  Negative staining TEM 

T he negative staining technique was very quick and easy compared w ith the other two 

methods. Typical micrographs of the different liposome dispersions are s hown in F igure 5-

4 .  The l iposomes could eas ily  be identified as  d iscrete particles that were predominantly 
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spherical or rod-like in  shape. The outer membrane surrounding the internal aqueous space 

could be clearly seen in many of  the l iposomes, and internal membranous structures could 

also be identified. 

The l iposomes made usmg the U ltralec fraction seemed to have the narrowest stze 

d istribution, mostly between 50-80 nm. The Phospholac and S igP3644 images contained a 

large number of very small part icles (:S 40 nm) interspersed with much l arger o nes ( 1 00-200 

nm) . 

Phospholac SigP3644 llltralec 

Figure 5-4 Negatively stained micrographs of liposome dispersions produced as described in 
section 5.2.3.1 .  Bar = 0.3 !-liD. 

Another interesting o bservation is that many o f  the liposomes were not spherical, and that a 

variety of shapes were apparent. Small rods and oval shapes were commonly found, but 

even shapes as irregular as teat-like protrusions from otherwise spherical ves icles could also 

be seen (Figure 5-5 ) .  I t  i s  possible that the rod and sphere shapes are d i tTerent v iews of  

l iposome d iscs, but it seems unl ikely that there would be  such a high proportion of the 

vesicles  in e ither the s ide plane ( long rods) or front plane (spheres) without very many in the 

oblique plane. Skalko et al. ( 1 998)  showed (using freeze-fracture TEM) that rod- and 

peanut-shaped l iposomes were produced via M icrofl uidization. J in et al. ( 1 999) have 

suggested that the assumption that l iposomes  are spherical particles may be incorrect, and 

that s ignificant e longation o f  l ipid vesicles occurs naturally. Clerc and Thompson ( 1 994) 

outlined a possible mechanism for vesicle formation via extrusion, and stated that it was 

c lear that vesicles produced in this manner would init ially be non-spherical, but could 

become spherical through osmotic expansion. Perkins et al. ( 1 993) reported that l iposomes 

often adopt non-spherical and irregular shapes, and that to some degree shape can be 
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manipulated by osmotic gradients. Epand and Polozov ( 1 996) also commented that 

l iposomes produced by classic techniques are o ften non-spherical due to o smot ic stre sses 

caused when the membranes seal before the phospholipids are completely hydrated. Water 

continues to freely pass through the membrane into the liposome core, largely with  the 

exclusion  of the solutes, creating an osmotic imbalance. Deuling and Helfrich ( 1 976) 

d is cussed the theoretical shapes of l ip id bi layer ves icles and concluded that a large variety o f  

non-spherical but rotat ionally symmetric shapes are possible, many of  which have been 

observed experimentally. 

(b) 

(a) 

Figure 5-5 Negatively stained micrograph of SigP3644 liposome dispersion showing irregular 
shape and elongation of some l iposomes. a - rod shaped liposomes; b - teat-like protrusions from 
liposomes. Bar = 0.3 �m. 

Some of the l iposome d ispersions appear to have irregular membranous structures trapped 

ins ide the outer bilayer ( F igure 5-6) .  These structures o nly seemed to be present in some of 

dispersions photographed. Although mult ilamel lar liposomes are usually thought of as being 

composed of neatly stacked lamellae at regular spacing, according to Perkins et al. ( 1 993 ), 

most large heterogeneous l iposome systems typ ical l y  contain l iposomes with irregular 

spaced bilayers or 'liposome with in l iposome' structures. These are perhaps more correctly 

referred to a-> multivesicular l iposomes (Talsma et al., 1 987;  Brand! et al. , 1 998) .  Freeze­

fracture TEM micrographs in Skalko et al. ( 1 998)  of l iposomes produced via 

Microfluidization also showed irregular shaped ves icles trapped inside other ves icles, as do 

those tormed from phospholipid pastes produced by high-pressure homogenization (Brand! 

et al., 1 998) .  
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Phospholac SigP3644 Ultralec 

Figure 5-6 Irregular membrane structures shown by negative-staining TEM as described in  

section 5.2.3. 1. Bar = 0. 1 ,urn. 

T his negative staining technique worked very well, but it d id tend to produce varymg 

quant it ies o f  large crystal- l ike artefacts as shmvn in F igure 5-7 .  There does not seem to be 

any published reports of such artefacts be ing caused by the staining process, but it is thought 

that these are caused by a reaction between the stain and some component in the l iposome 

preparat ions .  The possible relat ionship between the presence of the artefacts and the buffer 

salts was e liminated when it was found that the crystal structures appeared even whe n  the 

l iposomes were produced using phosphol ip ids d ispersed in deio nised water. The 

commercial phospho lipid tractions contain a w ide variety of non-phospho l ipid compounds 

that could be responsible for the appearance of artefacts .  Despite the formation of the 

artefacts, there were usually a large number of grid squares free from these art ifacts, 

provid ing excellent micrographs of the l iposomes as shown above . 

Figure 5-7 Crystal-like artifact p roduced during negative staining TEM as described in section 

5.2.3 . 1 .  Bar = I ,urn. 
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5 . 3 .2 . 1 . 2  Thin section TEM 

Typical micrographs of  Phospholac and Ultralec l iposome d ispersions are shown in Figure 

5-8 .  The liposomes appeared to have c lumped together, with groups of densely-packed 

l iposomes surrounded by empty space.  Many of the vesicles in the c lumps seemed non­

spherical, although the l iposomes in the less crowded areas had retained their spherical 

shape. This suggests that some of the non-spherical nature of the l iposomes may be due to 

membrane deformation caused by the crowding within the l iposome c lumps. However, 

some liposomes appeared shrunken and collapsed, which does not seem to be as a result of 

tight packing. It seems l ikely that dehydration steps used during preparat ion for TEM were 

responsible for the c lumping of the l iposomes, and may have contributed to the non­

spherical nature of the ves icles. 

The apparent mult i- lame llar nature of  many of the liposomes was obvious, with others 

appearing to only have a s ingle membrane. It was difficult to know whether these were 

indeed uni- lamellar l iposomes, or whether the sample has been sect ioned between the inner 

and outer membranes of those liposomes w ithout cutting through the inner bi layers. 

V isual analysis of  the images indicated that the Phospholac l iposomes were primarily 

between 80- 1 00 nm in d iameter, s lightly smaller than the 80- 1 50 nm seen in the micrographs 

of U ltralec l iposomes. 

Phospholac Ultralec 

Figure 5-8 Thin section T E M  images of liposome dispersions produced as described in section 
5.2.3. 1 .  (a) unilamellar and (b) multi-lamellar l iposomes. Bar == 0.3 �m. 
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An attempt was made to reduce the severity o f  the dehydrat ion step by substituting acetone 

w ith ethanol at the same concentrat ions. The micrographs obtained are shown in F igure 5-9 .  

There was l ittle or no c lumping in any of  the micrographs . However, many of the l iposomes 

stil l appeared dehydrated and col lapsed, although there were a number of  intact spherical 

ves icles present in each micrograph. The Phospholac l iposome dispersion  seemed to be less 

severely damaged than the S igP3644 and U ltralec l iposomes, with the latter the most 

affected. S izes ranged from 5 0- 1 50 nm for the Phospholac fract ion, 80-250  nm for the 

S igP3644, and 1 00-SOOnm for the Ultralec. These s ize ranges are generally  much larger than 

those obtained using photon correlation spectrometry (sect ion 5 . 3 . 1 )  or other e lectron 

microscopy techniques, and may be a reflection of damage caused by the thin section 

process mg. Thin section TEM is therefore not recommended for use on liposome 

dispersions 

-

Phospholac SigP3644 Ultralec 

Figure 5-9 Thin section T EM images of liposome dispersions produced as described in section 5.2.3. l , but using 
ethanol instead of acetone during the dehydration step. Bar = 0.3 p.m. 

5 .3 .2 .2 Cryo-FESEM 

Micrographs produced by the Cryo-FESEM technique provide three-dimensional 

confirmation of structures consistent with that of l iposomes - smooth spheres w it h  a 

membrane surrounding an internal compartment. Typical micrographs for each o f  the 

l iposome dispersions are shown in F igure 5 - l 0. As expected, the approximately spherical 

ves ic les had a wide particle s ize d istribution, w ith both large and small l iposomes  evident in 

al l  three d ispersions .  I n  the micrograph shown in F igure 5 - 1 1 ,  a number of  liposomes can be 

1 30 



Chapter 5: Physico-chemical characterisation o/liposome di,�persions 

seen that have been broken during the Cryo SEM preparation process.  This has revealed an 

internal space which had been fully enclosed by the outer shel l  of the l iposome structure . 

Phospholac SigP3644 Ultralec 

Figure 5-1 0  Cryo-FESEM micrographs produced by method outlined in section5.2.3.2. Bar == 0.5�-tm. 

Figure 5- 1 1  Cryo-FESEM micrograph produced from SigP3644 liposome dispersion showing fractured 
liposomes revealing membrane shell surrounding internal cavity. Bar == 0. 1 �-tm. 

The l iposomes in the S igP3644 dispersions seemed to be mainly between 1 50-300 nm in 

diameter, although a number of  much smaller liposomes of  approximately 8 0  nm in d iameter 

were also present. These could be seen more clearly in F igure 5- 1 2. S imilarly, the U ltralec 

dispersion appeared to contain l iposomes across a w ide s ize range - from less than 1 00 nm 

up to 3 00 nm in diameter. Although the quality of the Phospholac images was not as good 

as that of  the S igP3644 d ispersions, it was still possible to see a number of large l iposomes  

with d iameters around 200  nm as  well as some very small ones of  approximately 40 nm in  

d iameter. 

1 3 1  



( 'hapter 5: Physico-chemical characterisation of!iposome di.1persions 

(a)  

( b) 

Figure 5-1 2  SigP3644 Cryo-FESE M micrograph produced using method outlined in section 5.2.3.2 
showing both large (a) and small (b) liposomes. Bar = 0.3J.!m. 

The abil ity to v isual ise the l iposomes using a variety of electron microscopy techniques has 

provided valuable information regarding the characterist ics of the d ifferent liposome 

populations. The T EM e lectron micrographs of all three l iposome dispersions showed 

multivesicular vesicles where there were l iposomes ins ide l iposomes or  membraneous 

material ins ide the o uter bilayer ( F igure 5 - 1 3 ) ,  but there were relat ively few images of true 

mult ilamellar l iposomes with concentric, evenly spaced bilayers . 

Negative staining Thin section 

(a) 

(b) 

Figure 5-1 3  T E M  of liposome dispersions showing {a) unilamellar and (b) multilamellar l iposomes. 

Based on negative staining TEM, there may be a s l ightly h igher proportion of mult ivesicular 

or mult ilamel lar vesicles in the d ispersions produced from SigP3644 and U ltralec fractions, 

but it is difficult to determine whether this is an accurate reflection of the lamel larity of the 

populat ions . There is also the possibil ity that the multilame llar structures may be artifacts 

caused by the staining or embedding process. The problems encountered with the thin­

section method are o utlined above.  Hauser ( 1 993a) states that negative staining is troubled 

by its inherent probability of generating art ificial l ipid structures, presumably due to the 

interaction of the stain with other compounds present in the system. Cryofixation techniques 

are accepted as being more reliable in their preservation of the native structure, but are time-
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consummg and unable to provide information on lamel larity. I t  seems that use of  all 

available techniques with careful interpretation of results taking into account conflict ing or 

s upporting information from other sources is the best way to fully characterise l iposome 

d ispersions. Lamel larity is investigated further in section 5 .3 . 7 .  

Table 5 -2  shows the liposome diameters a s  determined us ing a variety of techniques .  There 

are obvious d ifferences between the values obtained by the ditierent techniques, which is to 

be expected based on  the principles behind each method. Negative staining and thin sect ion 

TEM show a cross-section through the l iposome, which wil l  not always be through the 

centre of the l iposome and wi l l  therefore not always reflect the true liposome diameter. The 

Za,c obtained by PCS gives an indicat ion of the average hydrodynamic d iameter of the 

l iposomes  w ithin a populat ion, but does not provide information on the s ize d istribution. 

The polydispersity is very h igh (0.4-0. 5 ) ,  suggesting a very wide distribut ion, as was shown 

by the AFFF results. 

Table 5-2 Comparison of liposome sizes measured using different techniques. 

Phospholipid PCS* AFFF Cryo-FESE:\1 Negative Thin-section 
fraction staining T E M  T E M  

(Za'"' nm) Peak range (nm) (est. range, nm) 
(est. range, nm) (est. range, 

Phospholac 95  ± 5 Peak centre: 80  40-200 S40-200 5 0- 1 5 0  

Narrowest distribution 

SigP3644 8 1  5 Pea k  centre: l OO 80- 1 50 -:;40-200 80-250  

Small peak at l 4nm 

Ultralec 79 ± 5 Pea k centre: 5 0  l 00-300 50- 1 0 0  1 00-500 

Widest distribution 

* Polydispersity of 0 .4-0 . 5  for al l  three fractions, indicating a very broad particle size distribution 

Overal l, there seems to be a general agreement regarding all t hree l iposome d ispersions 

having a very broad s ize distribution, w ith an average liposome d iameter between 50-200 

nm. While it is usefu l  to have an understanding of the average l iposome s ize and the w idth 

ofthe s ize d istribution, the main use of l iposome s ize throughout this thes is is as an indicator 

of l iposome stabil ity. T he robustness of the Zm value means that although the absolute 

value may differ from the average l iposome d iameter as measured by o ther techniques, it can 

still be confidently used to identifY changes and follow trends within the system. 
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5. 3. 3 Zeta potential 

The zeta potential values for l iposomes at various pH values are shown in F igure 5 - 1 4. The 

three l iposome dispers ions demonstrated similar shaped curves, w ith negat ive potent ials at 

pH values above 3 and a flat region between pH 5 and 1 0. The S igP3644 liposome 

d ispersion had the highest zeta potential value, - -80 mY between pH 5 and 1 0  compared 

w ith - -65 mY for both Phospholac and Ultralec l iposome d ispersions . Below pH 5, the zeta 

potentials for all d ispers ions became rapidly less negative and approaching zero . The 

l iposome dispersion made from Phospholac appeared to have a potential of zero at pH 2 .6,  

ris ing to a posit ive potential of 1 5  mY at pH 2.0 .  The Ultralec dispersion had a potent ial of 

zero at pH 2 .0, but the potential for S igP3644 l iposomes had not yet reached zero at  this pH.  

There are very few zeta potential values for l iposomes reported in the l iterature, and the 

s ignificant effect of the compos it ion of buffer salts used on the potential renders any 

comparison between d if1erent systems difficult .  However, a zeta potential of approximately 

-60 to -80 mY is much larger than those of between 0 and -43 mY reported for other 

l iposome d ispers ions (Talsma et al. , 1989; Ruel-Gariepy et al. , 2002) .  
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Figure 5-1 4  Zeta potential versus pH curve for l iposomes produced from Phospholac, SigP3644 
and Ultralec 

Based on these results, it would be expected that l iposomes produced from S igP3644 are 

l ikely to have a higher degree of charge repuls ions 2: pH 5 than l iposomes produced from 
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e ither Ultralec or Phospholac. These repuls ions may provide the S igP3644 l iposome 

dispersions with enhanced resistance to aggregation or coalescence within this pH range. 

From pH 2 .5  to 4 there is no s ignificant difference between S igP3644 and U ltralec, and any 

d ifference in stabi l ity between the fract ions is unl ikely to be due to charge repulsions. 

The relat ionship between the zeta potential and the phosphol ipid composit ion of the three 

fractions is d iscussed in Chapter 8: General discussion. 

5.3. 4 Phase transition temperature 

The DSC thermogram is shown in Figure 5 - 1 5 . There was a broad endothermic peak 

between 20 and 35 oc for the Phospholac liposome dispers ion, with the peak at 

approximately 28  °C . This probably corresponds to the bilayer membranes transforming 

from gel to liquid-crystal state .  There were no s ignificant features present between 0 and 60 

oc in the liposome dispersions made from S igP3644 or Ultralec. 

-200 

-30 0 � 
I I I 
I I -400 �--------,--------,--------,---- -------------,,-------� 

0 l 0 20 30 40 50 G O  

lemp/C 

Figure 5-15  DSC thermogram for liposome dispersions made using different phospholipid fractions. (a) 
= Phospholac; (b) = SigP3644; (c) = Ultralec. 
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These resu lts were as expected based on  the origin of  the phosphol ip id fractions. As 

d iscussed in sect ion 2 .3  .2 (Chapter 2: Literature Review), non-hydrogenated soy 

phospholipids usually undergo phase transition between - 1 5  to -5 °C, while phospho l ipids 

from animal sources have p hase transition temperatures above 0 oc. Milk spingomeylin has 

been reported as having a Tc of 35  oc at concentrations of <70 wt% ( Malmsten et al. , 1 994) . 

I t  is extremely difficult to separate any thermal effects caused by changes in the structure of 

the membrane around 0 °C from the extremely large peak result ing from the 

freezing/thawing of the water in aqueous phase. This can be avo ided by working w ith 

concentrated glycerol solut ions to depress the freezing point of the water. However, s imply 

knowing that the phase transit ion temperature for the S igP3644 and U ltralec fractions was 

below 0 oc was specific enough for the purposes of this work. 

The width of the observed endothermic peak (F igure 5 - 1 5a) is a reflect ion of  the compl icated 

mixture of phospho l ip id classes and types of tatty acids present in the fract ion (Lee, 

1 977a,b), and is s imilar to endotherms obtained for b io logical membranes (McElhaney, 

1 996) . E ach different combination of head-group and fatty acid will have a s lightly different 

phase transit ion temperature, resulting in the co-existence of gel and fluid phases and a total 

phase transit ion over a wide range of temperatures (Marsh, 1 996) . B iltonen and L ichtenberg 

( 1 993) reported that SUVs with d iameters below 35nm produced a much broader transit ion 

at a temperature approximately 4 oc lower than that of LUVs or MLVs with the same 

composit ion. L ichtenberg et al. ( 1 988)  tound that l iposomes with diameters less than about 

3 5  nm had a lower phase transit ion temperature than l iposomes with diameters between 40-

70 nm. They suggested that this is due to the tight curvature of SUVs reducing the packing 

dens ity o f the phospho l ipid molecules, resulting in fewer van der Waals forces than would 

be present in larger molecules. The AFFF results (section 5 .3 . 1 . 2 )  show the Phospholac 

l iposome dispersion does contain some vesicles with  diameters less than 35 nm, which may 

be contributing to the breadth of the endothermic peak shown in Figure 5- 1 5a. 

The position of the e ndothermic peak for liposomes made from Phospholac may offer both 

advantages and disadvantages in terms of the possible use of l iposomes in foo d  systems. 

L iposomes in products stored at retfigerator or low-ambient temperatures wil l  have the ir 

membranes in the gel phase. The l iterature states that membranes in the gel phase are l ikely 

to be more stable and retain entrapped solutes for longer periods than s imilar l iposomes 

membrane in the t1uid phase . This suggests that the Phospholac d ispers ions may have 
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stabil ity advantages at refrigerat ion temperatures over other dispersions with phase 

trans itions below 4 oc. However, at temperatures corresponding to the endothermic peak, 

the Phospholac l iposome membranes are expected to increase in permeabi l ity, and solute 

retention is l ikely to decrease . This may be useful  if the release of entrapped material is 

desirable upon heating or consumption of the food product ,  but could also be of concern if 

storage or transport at these temperatures is required .  

T he stabi l ity and permeabi l ity of l iposomes produced from the soy fractions may st i l l  be 

affected by changes in temperature, but these changes wil l  be predominantly caused  by 

mechanisms other than the phase transit ion of the membranes .  

5. 3. 5 Bilayer thickness 

The results from the small angle x-ray diffraction of the concentrated l iposome suspens ions 

at 20 oc are shown in F igure 5- 1 6 . This temperature was above the phase trans it ion  

temperature tor the S igP3644 and Ultralec l iposomes, but below the transit ion temperature 

tor the Phospholac liposomes.  A sample of buffer was used as a control .  

A very broad and intense ring for each of the l iposome suspensions was observed. There 

was also a faint outer ring vis ible as a blue halo on the images, but this was too weak to 

show up as a significant peak on the intens ity traces . The primary r ing in the Ultralec 

s ample was particularly wide and diffu se ,  and the intensity trace showed a relat ive ly tlat 

peak. Upon c loser inspection, it appeared that there may be a sl ight reduction in intensity in 

the middle of this ring, suggesting that it could be two broad overlapp ing peaks (F igure 5-

1 7) .  
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Phospholac SigP3644 

I 

, , 
. Ultralec Buffer 

Figure 5- 16  X-ray scattering patterns for liposome dispersions and buffer (control) at 20 "C. 

.. 
.• :J •' .  
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Figure 5- 17  Close-up of Ultralec ring at 20 "C. 

X-ray scattering curves from dispersions containing only unilamel lar l iposomes are typ ically 

very broad and flat, and usually have only a s ingle symmetric peak. Those from 

multilamel lar l iposomes  exhibit first- and second-order diffraction peaks at regular intervals, 
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I. e .  1 /d, 2/d etc .  (Hauser, 1 993a; Moody, 1 993 ; K innunen et al. , 2003 ) .  A primarily 

unilamellar population with a small number of  bi- or tri-lamel lar vesicles is l ikely to result in 

a broad, asymmetric peak (Bouwstra et al. , 1 993 ) .  

The more concentric bilayers present at e qual distances within the liposomes, the lower the 

concentrat ion required to produce sharp diffraction peaks . I f  the majority of the mult i­

l amellar l iposomes present are only bi- or tri- lamellar, they need to constitute a s ignificant 

proportion (>20%) of the total l iposome population before they wil l  have a c lear effect on 

the x-ray scattering curve (Bouwstra et al. , 1 993) .  If different mult ilame l lar liposomes have 

d ifferent lamel lar spacings either within the same vesicle or between d ifferent vesicles, the 

d iffraction patterns for the system may average out to a broad smoother peak ( Moody, 1 993) .  

In  addition, mult ivesicular l iposomes (such as  those shown in  F igure 5 - 1 3 )  wil l  be 

recognised as unilamellar structures by the diffuse small angle X-ray diffraction (Talsma et 

al. , 1 987) .  

Table 5-3 Positions of  diffraction maxima obtained by small X-ray diffraction of  liposome dispersions at  

20  "C. 

Phospholipid fraction Inner ring Outer ring Peak width at 1/2 peak 

(A) et) 
height (,4.) 

Phospholac 68 ± 1 . 5  2 2  ± 0 . 5  5 0  

SigP3644 53 ± 0 . 5  1 8  ± ! .0 42 

Ultralec 66 ± l. 0 / 4 7 ± l. 0 20 ± l.O 42  

Table 5-3 shows the positions ( in A) of the diffraction maxima for each of the three liposome 

suspensions . The inner r ing d istances provide an indicat ion o f  the bilayer thickness for the 

l iposomes in each of the d ispersions. Phospho lac l iposomes had the largest bilayer or 

membrane thickness, over 1 5  A or 1 . 5 nm w ider than the S igP3644 l iposomes.  The U ltralec 

fraction may have two separate l iposome populat ions, one with a membrane thickness of 66 

A and the other with thicknes s  of approximately 47 A. This suggests possible segregat ion  of  

different phospho lipids present in the fraction into different liposomes .  T he X-ray scattering 

band was quite wide for both Phospholac and S igP3644, which may be masking an overlap 

of  more than one band but could also be due to the low degree of order present in the system. 
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T he symmetric broad s cattering curves obtained for the three phospholipid fractions suggest 

that virtually all the l iposomes are e ither unilamel lar or mult ivesiculaL The faint outer ring 

observed was unl ikely to be due to the presence of multi lamel lar ves icles as it was not a 

fraction of  the primary peak Le .  22 A is not 1h of 68 A. I t  does however indicate that there is 

a degree of order at between 1 8  and 20 A, which was too small to be the length of  a s ingle 

phospholipid molecule. The interior of the l iposome membrane is an ordered arrangement of 

the fatty acid chains, and it is possible that this r ing could reflect the average length of the 

fatty acid portion of the phosphol ip id. The carbon-carbon bond is approximately 1 . 54 A, 
·with a bond angle o f  about 1 09. 5 degrees .  This means that the vertical length of  a CH2 

group along the chain is approximately 1.26 A. Therefore, a C l 8  chain would be 

approximately 22 . 7  A in length. This hypothesis is supported by Caster (1 999) ,  who states 

that a similar diffuse r ing at the same relative pos ition to the bi layer membranes is caused by 

acyl chains. S igP3644 and U ltralec both contained a higher proportion of long chain fatty 

acids than Phospho lac (section 4 .3 .4  in Chapter 4 Characterisation of phospholipid 

fractions), but they also had a higher proportion o f  double bonds which would shorten the 

overall chain length. T he lack of definition for this faint outer ring may be a reflection  of the 

w ide variety of fatty acids present in each of the phospholipids fractions. 

F igure 5- 1 8  shows the x-ray scattering patterns for l iposome dispersions held at 40 °C, with 

the posit ion of the d iffraction maxima presented in Table 5-4. At this temperature, the 

l iposomes in all three dispersions wil l  be in the flu id  state. 

The x-ray scattering p atterns are similar to those observed at 20 °C, w ith a bright ring close 

to the beam-stop at approximately 50-70 A, and a second diffuse ring at 1 8-20 A. The main 

ring is much broader at 40 oc than at 20  °C, and it is difficult to tell exact ly where the 

intens ity maxima peak is . There may also be a third very faint ring on the Phospho lac image 

at approximately 1 3  A. The increase in width and diffusivity of the main ring may reflect a 

more heterogeneous l iposome population caused by the higher temperatures .  As the 

temperature increases, the fluidity of the bi layer increases, allowing more movement w ithin 

the bilayer and possibly a greater range of  bilayer w idths. 
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Phospholac SigP3644 Ultralec 

Figure 5- 18  X-ray scattering patterns for liposome dispersions at 40 "C. 

Table 5-4 Positions of diffraction maxima obtained by small X-ray diffraction of liposome dispersions at 

40 "C. 

Phospholipid fraction Inner ring Outer ring Peak width at 112 peak 

(A) (A ) 
height (A) 

Phospholac 65 ± 3 20 ± l I l 3  ± 2 62 

SigP3644 52 ± 3 1 8  ± I  5 3  

Ultralec 5 9 ± 3 20 ± I  50 

Marsh ( 1 996) states that the l ipid bilayer is ' considerably '  thinner in the fluid state than the 

gel state, but no examples giving actual numerical changes in bilayer thickness were 

provided. Malmsten et al. ( 1 994) commented that the repeat distance of the lamel lar phase 

for milk SM changed by <5 A between the gel and fluid phases .  There did not appear to be a 

s ignificant reduction in bi layer thickness for the Phospholac dispers ion as the temperature 

was increased from 20°C to 40 oc (Table 5 -5 ) .  The s imilar thicknesses of the Phospho lac 

and U ltralec membranes mean that any differences in permeabil ity between these d ispersions 

is unl ikely to be s imply due to b ilayer thickness, however this may contribute to more 

permeable membrane in S igP3644 d ispers ions. 
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Table 5-5 Comparison of phospholipid bilayer thickness as determined by small angle X-ray diffraction 

at 20 and 40 "C. 

Phospholipid Bilayer thickness (A) 
fraction 

Liposome dispersion Liposome dispersion at 
at 20 "C 40 °C 

Phospholac 68 65 

SigP3644 53  52 

Ultralec 66 59 

5. 3. 6 Permeability 

The membrane permeabil ity of the various l iposome dispersions will depend on the specific 

molecule d iffusing through the b i layer. However, measuring the rate at which a part icular 

species permeates the membrane should provide an indication of the relative permeabi l it ies  

of  the d ifferent liposome dispersions. Water was chosen as an appropriate species as  it was 

known to be present in al l of the l iposome systems and had been used for s imilar techniques 

in the published l iterature. 

The first step in determining the permeabil ity o f  water through the bilayer was to confirm 

that there was indeed exchange between the water trapped ins ide the liposome and the bulk 

aqueous phase . Figure 5- 19  shows plots ofthe relat ive s ignal attenuation for the water peak 

tor values of L1 between 60 and 1 50 using both the model that is based on no exchange 

between compartments (Equation 5 . 7) and the model that assumes some exchange w il l  be 

taking place (Equation 5- 1 0) .  When these plots are compared with the experimental data 

obtained from the liposome dispersions, it is obvious that the model that includes exchange 

provides a much closer tit to the actual results. 
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Figure 5-1 9  Plots of the relative signal attenuation for the wate r  peak measured using the P FG­

NMR technique outlined in section 5.1. 7.  

The experimental data overlaid w ith the fitted model for each of the three l iposome 

d ispersio ns is shown in F igure 5-20. The plots shown used different q and D values so 

cannot be directly compared, but i t  can be seen that the fitted model closely matches the 

experimental data. 
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Figure 5-20 Experimental data and fitted models for the signal attenuation of the water peak for 

the different liposome dispersions using the PFG-NMR technique outlined in section 5.2.7. 

Using the equations presented in section 5 .2 . 7, coefficients for the diffusion of the water 

molecules in the bulk aqueous phase were calculated (Table 5 -6) .  Assuming a log-normal 

d istribut ion of l iposo me s izes for each of the d ispersions, the mean l iposome radius cou ld be 

est imated. These figures suggest that the l iposomes produced from the Phospho lac fract ion 

had the smallest mean diameter, approximately half that of the Ultralec  l iposome dispers ion .  

L iposomes made from the S igP3644 fraction had the largest overall s ize .  

The l iposome d iameters estimates using the PFG N MR are within the same approximate 

o rder of magnitude as those obtained from the particle s iz ing techniques discussed ear l ier 

( section 5 . 3 . 1 and 5 . 3 .2) .  However, the estimated mean diameter acquired through this 

method is at the higher end of the range indicated by the electron micrographs. This is not 

unexpected, as F igure 5 - l  shows that the s ize distribution of the l iposome dispersions is not 

strictly a log-normal distribution. The PFG N MR mean s izes are also based on a volume­

we ighted average, which will favour the larger liposomes in spite of the small vesicles being 
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more numerous. L ike many models, the one used for this experiment is not derived from a 

true physical representation of the system, but it still provides a useful indication o f  the 

system behaviour. 

Table S-6 Summary of water permeability through the liposome membrane at 20 "C 

Sample Bulk water Fitted to volume-weighted log-normal distribution 

diffusion 
Mean Standard Fraction of water Mean Mean 

(02 & Dl)  l iposome deviation that is inside exchange permeability 
radius (r) l iposomes time 

(m2/s) (nm) (seconds) (m/s) 

Phospholac 3 . 4 1 E- 1 0  470 0 . 85 0. 043 0. 098 L 60E-t)6 

S igP3644 3 . 3 E- 1 0  685 0 . 76 0.04 1 0. 049 4 66E'06 

Ultralec 3 . 26E- ! O  ! 72 0 . 9  0 05 3  0. 044 1 3 0£'06 

The mean permeabil ity o f  the three dispersions is also shown in Table 5-6.  These results 

indicate that water diffuses through a J iposome membrane made from the S igP3644 fract ion 

at approximately 4. 7F06 m/s, three t imes faster than it is able to permeate membranes 

composed ofthe Phospholac or Ultralec fractions. 

T hese values fit well with the 3-6 x 1 o-6 m/s reported by Perkins et al ( 1 993)  for the average 

permeation coefficient for water diffusing through l iposome membranes, and are c lo se to the 

10-5 m/s ment ioned by Epand and Polozov ( 1 996) .  They also agree w ith the results from the 

s mall-angle x-ray diffraction ( section 5 . 3 . 5) ,  which found that the average bilayer thickness 

of the Phospholac and Ultralec dispersions was approximately the same, but it was smaller 

for l iposomes produced from the S igP3644 fraction. 

The effect of temperature on the water permeabil ity of the l iposome membranes is shown in 

T able 5-7 .  Further details of these measurements are discussed in sect ion in Chapter 7: 

Entrapment of hydrophobic and hydrophilic compounds in liposome dispersions. I ncreas ing 

the temperature from 20 to 40 oc does not appear to s ignificantly affect the permeabi l ity for 

e ither the S igP3644 or U ltralec membranes, although it is possible that there is a s l ight 

decrease in permeabi l ity across this temperature range for the Phospho lac d ispersion. 
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Table 5-7 E ffect of temperature on the membrane permeability of water. 

Sample Mean permeabil ity of water through the l iposome membrane (m/s) 

20 "C 2s •c 3o •c 4o •c 

Phospholac 1 6 E-06 I S E-06 1 4E-06 1 . 2£"06 

SigP3644 
4 

7 E-06 4 8£"06 

Ultralec l 3E-06 l ! E-o6 

The results seem to indicate that there is no effect of membrane phase or of  phase transit ion 

on the permeabilit y  ofthe liposome membranes to small  molecules such as w ater. L iterature 

states that the permeabil ity of the membrane should peak at the phase transit ion temperature, 

but there is no indication o f  any increase in Phospholac membrane permeabi l ity at 28 or 3 0  

oc. The presence of high concentrations o f  c ho lesterol can reduce or remove evidence of 

this trans ition, but Chapter 4: Characterisation of the phospholipid fractions found that the 

Phospho lac fraction contained less than 0 .05% cholesterol, too low to have any significant 

affect on the phase transition. The transformation ofthe Phospholac membrane from the gel 

to the liquid crystal phase should result in an increase in membrane permeabi lity as the 

packing density of the membrane decreases, but the experimental data show a small  decrease 

in measured permeabi l ity. 

The increase in temperature d id not change the phase of the S igP3 644 and U ltralec 

membranes and so the lack of a s ignificant affect of the temperature on permeabil ity seems 

reasonable . I n  addit ion, it would be expected that the denser packing of  the Phospholac 

membrane in its gel phase at 20 oc would result in a lower membrane permeabil ity compared 

with  the l iquid crystal arrangement of the S igP3644 and Ultralec d ispers ions. However, 

while the Phospholac d ispersion has a much lower permeabi l ity than the S igP3644 sample, 

there is very l ittle d ifference between the Phospho lac and Ultralec samples. 
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5. 3. 7 Lamellarity 

5 . 3 . 7. 1 M anganese chloride 

F igure 5-2 1 shows that addition of increasing amounts of Mn2+ ions resulted in success ively 

smaller proportions of the phosphorus contributing to the 3 1 P-NMR peak. The P hospholac 

and S igP3644 dispersions seemed to plateau with  approximately 40% and 1 5% unquenched 

phosphorus respect ive ly, but the U ltralec d ispersion  had no remaining unquenched 

phosphorus after the addit ion of l Og MnCh/1. These values are obviously well below the 

minimum o f 0. 5  expected, based on the s impl ified theory beh ind this technique. 

1 .2 

"C ... 1 .0 • Phospholac .c "' · 411 · SigP3644 f - --'V - Ultralec ;. - 0 . 8  \ Q = I· "' ;:: I 0 
0.6 .c 

Q. I "' Q 
.c '\ Q. '- 0 . 4  '\ Q 

·� '\ "' 
� � 

0.2 .. :;... ""- e 
""-

0.0 

0 5 1 0  1 5  2 0  2 5  

Manganese chloride (mM) 

Figure 5-2 1 Proportion of original phosphorus not quenched at varying Mn2+ concentrations. 

The external and internal surface areas of l iposomes of different diameters were calculated 

based on  the equation for the surface area of a sphere and us ing the bilayer thickness  as 

calculated in sect ion 5 .3 . 5 . The approximate proportion of the total surface area that would 

be in the interior of the vesicle was determined, and is shown for a variety o f  l iposome 

d iameters in Table 5-8  
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T able 5-8 Proportion of phospholipid expected in the interior of unilamellar liposome based on various 

diameters using Phospholac bilayer thickness determined in section 5.3.5. 

Liposome diameter (nm) Fraction of phosphorus on 
the liposome interior 

1 50 0 .45  

1 20 0 .43  

l OO 0 . 42 

90 0 .4 1 

80 0 .40 

70 0 3 8  

6 0  0 . 36 

The unquenched phosphorous fraction of 0 .4  observed for the Phospholac l iposomes fits 

w ith a predominantly unilamel lar population with  an average d iameter of  approximately 80 

nm. This is in agreement with the estimated average l iposome diameter for Phospholac 

l iposomes as determined by a variety of techniques o f  between 80- 1 00 nm (Table 5-2) .  

However, the value of 0 . 1 5  obtained for the S igP3644 l iposomes would imply an average 

d iameter well below that reported by PCS, AFFF, o r  any of the e lectron microscopy 

techniques .  

I nit ially i t  was thought that the Mn2+ ions were diffusing through the l iposome membrane 

and were therefore quenching a portion of the phosphorus in the interior of the ves icle. 

Perkins et al. ( 1 993) states that although this method has been used success fully, 

underest imation of lamel larity may occur if the agent permeates the bilayers. They 

s uggested that this can be determined by monitoring the s ignal as a function of t ime. 

Accord ing to Hope et al. ( 1 985) ,  PC membranes are relat ively impermeable to Mn2+, with 

the s ignal intensity not changing over a period of days. I n  the present study, there were only 

30 minutes between the add it ion of the MnCh so lut ions and the 3 1 P-NMR measurements for 

the experiments using the commerc ial phospholipid fractions, and repeating the 

measurement several hours later showed no change in the orig inal result. Hauser ( l 993a) 

comments that packing defects present in the l iposomes may make internal phospho l ipids 

accessible to otherwise impermeable reagents, and it is poss ible that some o f  the l iposomes 

used in the current work may have had defects due to severe membrane curvature. However, 

1 48 



Chapter 5: Physico-chemical characterisation ofliposome di.1persions 

the AFFF part icle s tze d istribution (F igure 5-3) showed that while both S igP3644 and 

U ltralec d ispersions contained a number of very smal l  l iposomes,  so too did the Phospholac 

d ispersion. 

T he most probable explanation was s ignaled by a s ignificant increase in turbidity for many 

of the S igP3644 and U ltralec l iposome samples upon the addit ion of the MnCh .  I ncreases in 

the turbidity are usually an indicat ion  of  s ignificant increase in particle s ize, often caused by 

l iposome aggregation or  fus ion. The changes in particle s ize caused by increasing the MnCh 

concentrat ion of the l iposome d ispersion and corresponding electron micrographs are shown 

in F igure 5-2 1 and F igure 5-22 respectively. T he addition of Mn2+ d id not result in any 

s ignifi cant change in the average d iameter of the Phospholac l iposome dispers ion, but there 

were rapid increases in l iposome size for the S igP3644 and Ultralec d ispersions upon 

addition of>5 mM Mn2+. This suggests aggregation or fusion of the liposomes . 
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Figure 5-2 1 Effect of M n2+ ions on the hydrodynamic size of liposome dispersions. 

T he negative staining TEM micrographs of d ispersions containing 20 mM Mn2+ showed 

l ittle of the orig inal l iposome structure remained in e ither the S igP3644 or Ultralec sample, 

but the Phospholac d ispers ion appears to contain a s ignificant number of intact l iposomes . 

1 49 



Chapter 5: Physico-chemical characterisation oj'liposome dispersions 

20mmol Mn2+ 

Phospholac SigP3644 Ultralec 

Figure 5-22 Negatively stained T E M  micrographs showing the effect of Mn2+ ions on liposomes. 

5 .3 .  7.2 Lanthanide ions 

A second method was trialed using lanthanide ions (europium and ytterbium) to shift the 3 1  P­

NMR peak corresponding to the external p hosphorus upfield from the peak corresponding to 

the internal phosphorus. 

Addit ion of 5 mM europium seemed to spread out the initial single s ignal from the 

phosphorus and allow d ifferent peaks to be d istinguished, possibly corresponding to the 

d ifferent phospho lipid classes. There were 3 overlapping peaks for the Phospho lac 

d ispersion, which is composed of roughly equal quantities of PC, PE, and sphingomyelin. 

The spectra for the S igP3644 and Ultralec d ispersions showed two primary peaks w ith an 

additional smaller peak for the Ultralec sample. Both these fractions are composed primarily 

of  PC and PE,  but U ltralec also contains a significant amount of PI .  However, this level o f  

europium was not adequate for identifying internal and external phosphorus, and addition o f  

h igher concentrations caused an increase i n  turbidity for the S igP3644 and Ultralec 
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d ispersions. Ytterbium (Ill) was selected as an alternative, as Prosser et al. ( 1998) found 

ytterbium ions produced the best resolution of the commonly-used lanthanide ions for 3 1P 

and 1 3C spectra. Unfortunately, there was s ignificant increase in turbidity observed for the 

S igP3644 and Ultralec d ispers ions and results indicate that there was also some disruption to 

t he Phospho lac d ispersion. 

F igure 5-23 shows the spectra for Phospholac dispersions w ith and without added Yb3+ ions . 

[ ntact l iposomes with no added Yb3+ ions produced a s ingle s l ightly asymmetric peak w ith a 

no isy base l ine. The addit ion of ytterbium resulted in the shifting of some of  this peak 

towards the right, but this was overlapped by a very broad peak of about 1 /+ the height of  the 

main peak. The spectra obtained from liposomes disrupted through the addit ion of Triton X­

l 00 seem to have a s imilar broad peak, as well as  a small narrow peak possibly indicating 

that not all the liposomes have been d isrupted. The presence of the broad peak in both 

s amples suggests that the Yb3+ may be destabil is ing and disrupting the l iposome d ispers ions 

even though there were no significant visual changes in turbidity. 

Intact Phospholac Iiposomes, no Yb
3+ 

3+ Phospholac and 1 5  mmol Yb 

Disrupted Phospholac l iposomes, no Yb
3+ 

3 •" 
Phospholac and 20 mmol Yb · 

Figure 5-23 31 P-NMR spectra for Phospholac dispersions with and without the addition of Y tterbium 
( IIJ )  ions. 
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The lack of success of the 3 1  P-NMR techniques was surpris ing g iven the reported use of the 

methods for determining liposome lamellar ity (Fresta et al. , 1 995 ;  New, 1 995b; Jousma et 

al. , 1 987) .  However, the reported phospholipid mixtures are al l  based on h ighly purified 

phospho lipids in a buffer solution, and it is possible that there has been some reaction 

between the Mn2+ and other components of the commercial phospholipid fractions used in 

the present study. The l iterature also appears to have focused on l iposomes produced from 

PC, P S  and/or cholesterol, and the high proportion of PE present in the three commercial 

phospho lipid fractions may have contributed to the l iposome instabi l ity in the presence of 

the shift reagents. 

5 . 3 .  7 .3  U ltracentrifugation 

U ltracentrifugation has been reported to separate unilamellar and multi lamel lar liposomes 

w ithout requ iring the addition of potentially destabil is ing compounds. Samples of the 

l iposome d ispers io ns were centrifuged at 1 00,000 g for 2 hours, and separated into 3 layers -

a pellet, a clear supernatant, and a more viscous l iquid phase which settled to the bottom o f  

the centrifuge tube but did not sediment. Ultralec also had a thick white cream layer at the 

top of the centrifuge tube. 

The turbidity of the supernatant was too low for PCS, suggesting that this layer did not 

contain a s ignificant number of l iposomes. Table 5-9 shows the part icle s ize for the other 

l ayers. The s ize of the l iposomes forming the pellet was significantly larger than the overall 

average s ize for all liposome d ispersio ns, and the middle layer had a corresponding decrease 

in s ize .  There was no reduction in polydispers ity for the middle layer compared with the 

init ial l iposome dispersion, ind icat ing that the sedimentation o f  the more dense and larger 

l iposomes  had not significantly altered the width of the particle size d istribution. This may 

s uggest the presence of large p articles with a density s imilar to water. S uch particles are 

most probably unilamel lar, as mult ilamel lar l iposomes with a h igher proportion o f  

membraneous material are more l ikely to have a greater density difference compared with 

the aqueous phase. The cream-l ike layer that rose to the top of the centrifuge tube was only 

produced by the Ultralec d ispersion, and had the l argest overall particle s ize and the highest 

polydispersity value . 
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Table 5-9 Particle size of layers formed during ultracentrifugation of l iposome dispersion. 

Phase Phospholac SigP3644 Ultralec 

Za,. Polydispersity Za,e Polydispersity Za, e  Polydispersity 

(nm) (nm) (nm) 

Overall 95 0 .43 85 0 .40 80 0 . 33  

Pellet 1 75 0 . 1 6  1 45 0 . 34 1 4 5  0 . 2 6  

Middle 72  0 .43 72 0.43 75 0 .40 

Cream Not present Not present 1 50 0 . 55  

Phospholac 

Pellet M iddle phase 

SigP3644 

Pellet M iddle phase 

Ultralec 

Pellet M iddle phase Cream 

Figure 5-23 Negatively stained T E M  micrographs of different phases formed by ultracentrifugation of 
the liposome dispersions. 
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N egative staining micrographs (produced using the technique described in section 5 .2 . 3 . 1 )  

tor each layer can be seen in F igure 5-23 .  There does not appear to be any clear relationship 

between the layers and Iiposomes lamellarity, w ith mult ivesicular l iposomes present in  the 

middle layer of the S igP3644 d ispersion and unilamellar liposomes present in the pel lets of 

all three dispersions. The dark bubbles shown in the U ltralec cream layer have a s imi lar 

appearance to fat globules in an emulsion .  This suggests that they may be triglycerides 

which have aggregated due to the centrifugal force. However, the triglyceride content was 

measured using a Roche diagnostic kit (5 .2 . 1 )  and found to be negligible. 

5. 3. 8 Entrapped volume 

T he mill i l iters of  water entrapped per gram of  phospholipid in l iposome populations as 

determined by the deuterium oxide and carboxyt1uoresce in methods are shown in Table 5 -

1 0. 

Table 5-1 0  E ntrapped volume of empty liposomes. 

Sample Entrapped volume (ml H20/g Phosphol ipid)  

D20 method Carboxyfluorescein method 

Phospholac 2 .0  0. 8 

SigP3644 4 .3  1. 0  

Ultralec 4.6 1 . 5  

T he entrapped volumes determined by  the two methods were s ignificantly different, 

although the Phospholac dispersion  had the smallest entrapped volume and the U ltralec 

d ispersion the largest for both methods. The values obtained from the entrapment of 

carboxyfluoresce in  are at the lower end of the range of 1 -8 ml/g reported for SUVs and 

MLVs (Hope et al. , 1 985;  Hauser, 1 993a; Arnaud, 1 995a) ,  while those from the deuteriu m 

oxide method are in the middle of  this range. Possible explanations for the higher value for 

the 020 technique include the fai lure of all the small l iposomes  to pack into the pellet or that 

unentrapped water was still present in the pellet, e ither of  which would art ificial ly increase 

the apparent amount of water trapped per gram of phospho lipid. The CF results do appear to 

be lower than expected based on the average l iposome d iameters, but are still in l ine w ith 
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those reported in the l iterature. Hope et al. ( 1 985)  reported entrapped volumes of between 

1 . 1 -2 . 5  111 H20/11mol phospholipid ( 1 . 5-3 . 5  ml H20/g phosphol ip id) for l iposomes w ith a 

mean diameter of 70-95 nm produced by a variety of  techniques fro m  egg and soy 

phospho l ipids �  

I t  is puzzl ing to note that Phospholac has the largest average l iposome d iameter as 

determined by PCS (Table 5-2) but the smallest entrapped volume. Although the other 

fractions would produce a greater number of l iposomes for a given mass of phospho l ip id, the 

volume of a sphere is proportional to r3 and so it would be expected that the larger particles 

would e ntrap more water per gram of phospho lipid. 

One possible explanation tor this is l inked to the Phospholac sample appearing to contain a 

l arge number of very small l iposomes along with  a few large l iposomes (EM results in Table 

5 -2 and discussion  in section 5 �2 . 3 ) .  The much smaller l iposomes would naturally have a 

smaller than expected entrapped volume, and while the larger l iposomes may increase the 

average PCS diameter due to their significant effect on l ight scattering ( intensity is 

proportional to d6), the ir entrapped volume may not fully compensate for the h igh proportion 

of small vesicles. However, F igure 5-3 (particle s ize distribution for the dispersions as 

measured by AFFF) shows that S igP3644 and Ultralec dispersions both have a h igher 

proportion of very small vesicles than the Phospholac dispersion. 

Another possible explanation is that the Phospholac fraction produces a higher proportion of 

multilame llar or mult ives icu lar l iposomes, the internal bilayers taking up space inside the 

ves icles and reducing the amount of water entrapped. The Phospholac liposome dispersion 

may also contain more non-spherical l iposomes, the elongation reduc ing the volume 

entrapped for a given surface area. There is evidence of both multives icular and non­

spherical l iposomes in the present study, but the results are unable to confirm any difference 

between the d ispersions produced by the different phosphol ipid fractions. 

Whatever the explanation, if the entrapped vo lume result s  are correct it would appear that 

l iposomes produced from the Phospholac fraction will not be as efficient at entrapping 

hydrophil ic material as those produced from the S igP3644 or Ultralec fractions . Th is is 

investigated experimentally in Chapter 7: L iposome entrapment of hydrophobic and 

hydrophilic compounds in liposome dispersions. 
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5. 3. 9 Raman spectroscopy 

The Raman spectra of  the three l iposome dispers ions were quite s imilar ( Figure 5 -24), 

indicating that the molecular structure of the samples are also s imi lar .  However, the 

o bserved differences indicate that the Phospho lac contains structural groups that do not 

appear to be present (or present but to a lesser extent) in the other two samples . This may be 

due to the presence of sphingomyel in, PE, PS,  or even the different fatty ac id composit ion of 

the Phospho lac. 
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Figure 5-24 Raman spectra of Phospholac (P), SigP3644 (S) and Ultralec (U). Arrows indicate regions 

in Phospholac sample ( P) that differed from the SigP3644 (S) and Ultralec (U) samples. 

5. 4 Conclusions 

T here were a number of  s ignificant differences between the liposome dispersions produced 

from the three commercial phospholipid fractions. 

The Phospholac fraction appeared to produce liposomes with a hydrodynamic diameter (as 

measured by PCS) of  approximately 95 nm, s l ightly l arger than the average diameter of 

approximately 80 nm for the S igP3644 and Ultralec dispersions. All  three dispersio ns had a 
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very wide part icle s iz e  distribut ion, with polydispersity values of between 0 .4-0 . 5 .  AFFF 

results showed that the Phospholac d ispers ions had fewer very small l iposomes and an 

overall narrower particle s ize d istribution than the other two dispers ions. 

S igP3644 and Ultralec both had phase transition temperatures below 0 °C , while the 

Phospholac d ispers ions  showed a very broad trans ition centered at 28-30 oc. This meant 

that the S igP3644 and Ultralec dispersio ns were in the flu id phase at all common storage and 

process ing temperatures, while the Phospholac was in the supposedly less permeable gel 

phase at refrigeration and ambient temperatures .  However, although the S igP3644 sample 

had a cons iderably h igher membrane permeabi l ity than the Phospholac sample at 20 °C , 

there was little difference between the Phospholac and Ultralec dispersions. Desp ite the 

l iterature asserting that permeability increases at the phase transit ion, there was no 

s ignificant increase in membrane permeabil ity of the Phospholac membranes at the 

membrane phase transit io n  temperature (28 to 3 0  °C) . The permeabil ity of the Phospho lac 

fluid phase ( 40 °C) was s imilar to that of the gel phase (20 °C) , and the permeability of the 

S igP3644 and Ultralec samples was also not affected by increasing the temperature. 

The permeabil ity data are consistent with the b il ayer thickness of the different l iposome 

d ispersions. The Phospholac and U ltralec bilayers were approximately 20% thicker than 

S igP3644 membranes, and increasing the temperature from 20 to 40 oc did not result in a 

s ignificant change in the width of the bilayer. 

All three dispersions appeared to be primarily uni lamellar, but there seemed to be a small 

percentage of mult i lamel lar and mult ivesicular l iposomes present. Despite the larger 

average hydrodynamic d iameter of the Phospholac d ispers ion, this sample had the lowest 

entrapped volume of between 0 .8-2 .0ml/g phospholipid, approximately half that of the 

U ltralec dispersion. 
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6. 1 Introduction 

Chapter 6: Stability of liposome dispersions 

T he stabil ity o f  a l iposome d ispersion i s  usually monitored by the abi l ity of the system to 

maintain its original particle s ize distribution and retain any entrapped material. 

A l iposome d ispers ion is theoretically at the minimum e nergy level for the system, with 

l iposomes inherently stable units unless environmental or chemical changes cause a 

d isruption to the system. However, the dynamic nature of the b ilayer membrane means that 

the phospho lipids and proteins within the membrane are constantly moving and interacting 

w ith other compounds in the environment . S igns of system instability including liposome 

aggregation, fus ion and rupture wil l  occur over varying t ime periods in v irtually al l liposome 

d ispers ions . Oxidation products can increase the instabil ity of l iposome d ispersions, and it 

would seem reasonable to assume that storage in a dark, low-oxygen environment at low 

temperatures would minimise oxidative degradation and extend the stable l ife of most 

d ispersions . Microbiological growth can also damage the membrane components e ither 

through direct microb ial act ion or through the formation of undesirable by-products. 

To ensure long term stabi l ity, freezing, drying and freeze-drying may be cons idered. With 

all of these techniques, care must be taken to avoid dehydration-induced phase trans it ion and 

membrane fusion. New ( 1 990b) stated "techniques which prevent membrane fracture upon 

freezing or drying have not yet been ful ly perfected''. Cull is et al. ( 1 987), Kirby ( 1 99 1  ) ,  

Frezard ( 1 999) and Gibbs e t  al. ( 1 999) have al l  reported that l iposomes  can be successfully 

stored by freeze-drying, although the use of  a cryoprotectant seems to be essential . 

Among the most commo nly used cryoprotectants are mono- and disaccharides. I t  is thought 

that these materials protect liposome systems during drying and freezing by forming a stable 

glassy matrix, preventing p hase transitions and crystall isat ion which would usual ly damage 

the membrane (Chen et al. , 200 l b) .  Hydrogen bonding between some sugars and polar 

groups on the l ipids may also help prevent fusio n  (Anchordoquy et al. , 1 987) .  An extens ive 

review on the freezing and drying of membrane systems compiled by Wolfe and Bryant 

( 1999) is recommended for a more in-depth coverage of this topic. 
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The chemical degradation of l iposomes may occur via the oxidation of unsaturated fatty acid 

chains or  through hydro lysis of the p hospho l ip ids  (Martin, 1 990) .  This degradation may be 

monitored in a number of ways, ranging from TLC and HPLC techniques to spectrometric 

methods . UV absorbance at 230 nm can be used to follow the formation o f  conjugated 

d ienes during the free radical chain in it iat ion phase of oxidation, and extensive phospholipid 

degradation may be signaled by a th ird peak at 270 nm due to the formation of conjugated 

trienes. Separate tests are used to measure the levels ofthe two types of peroxides which can 

be formed during oxidation react ions - hydroperoxides and cycl ic peroxides (or 

'endoperoxides ' ) .  The latter are detected by react ion of their breakdown product at elevated 

temperatures (malondialdehyde) wit h  thiobarbituric acid (TBA) giv ing a red chromophore 

that absorbs at 532 nm. The method for detecting hydroperoxides is based on their 

s usceptibi l ity to reduction by iodide . For more information on liposome stabi l ity, refer to 

sect ion 2 . 6 . 8  in Chapter 2: L iterature Review. 

C arboxyfluorescein (CF) is a hydrophil ic fluorescent dye (Figure 6- 1 ) , the release of which 

i s  often used as an indication of l iposome stabi l ity. Jousma et al. ( 1 987 )  state that it is 

membrane-impermeable, which means if the unentrapped CF is removed from the 

d ispersion, any CF found in the extra-liposomal phase must be as a resu lt of l iposome 

rupture or fus ion. These are both common s igns of l iposome instabil ity. 

Figure 6-1 Structure of 5(  -6)-carboxyfluorescein ( C F). p K. = 6.4. 

Weidgans (2004) analysed the effect of  pH on the fluorescence of CF .  I t  was found that 

samples at low pH e xh ib ited a much lower level of fluorescence than the same concentration 

o f  C F  at higher pH.  Therefore i t  is essential that a l l  measurements are performed at a 

consistent pH value if valid comparisons are to be made. 
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6. 2 Materials and methods 

L iposome d ispersions were prepared using the standard technique (Chapter 3 :  Selection of 

phospholipid fractions and liposome preparation method) except for the addit ion of  25 mM 

5( -6)-carboxyfluorescein (CF )  to the imidazole buffer. To remove unentrapped CF, al iquots 

of each of the three l iposome dispersions were passed through a 1 00 x 1 0  mm column 

containing B io Gel P-6 DG desalting gel (BioRad, catalogue 1 50-0738) .  The e luted 

fractions containing l iposomes were ident ified by measuring turbidity at 600 nm. These 

were pooled and d iluted to 900 ml with imidazole buffer; 1 40 ml of each d ispersion was 

adjusted to pH 2, 4, 6, 7, 8, or 1 0  us ing 0. I M HCl and 0, 1 M NaOH, then made up to 1 5 0  ml 

w ith imidazo le buffer. 

Changes in average hydrodynamic d iameter, peroxide value and conjugated diene level 

were monitored as an indicat ion of  l iposome stabi l ity, as was the release o f  C F  into the bulk 

aqueous phase .  Hydrodynamic diameter was measured using a Zetas izer 4 (Malvern 

I nstruments Ltd, UK) as o utl ined in section 5 .2 .2 . 1 in Chapter 5: Characterisation of 

liposome dispersions. The peroxide value and the level o f  conjugated dienes were measured 

before and after micro fluidizat ion to provide an indication of the efTect of the processing on 

phospholipid oxidation. 

The peroxide value was obtained using a technique based on ISO 3960:200 1 ( International 

Organization for Standardizat ion) .  Briefly, I mL of the l iposome dispers ion was d issolved 

in 6 mL of acetic acid: chloroform (3 :2) ,  and 0. 5 mL of saturated potassium iod ide solution 

was added. The sample was mixed for l min, with further addition of 6 mL of distilled 

water. The solution  was t itrated against 0 . 1 M sodium thiosulfate solut ion unt il the yellow 

color had almost disappeared. Then 0 . 5  mL of a 1 . 0% starch solut ion was added, and 

t itrat ion was continued unti l  the blue color disappeared. The peroxide value was calculated 

as mill i-equivalents of peroxide per 1 000 g of sample. 

The levels of conj ugated d ienes and trienes formed during oxidat ion  were determined by a 

method based on  I U PAC Method No. 2 . 505 and Lethuaut et al. (2002) .  A 25-)lL aliquot of  

t he liposome d ispersion was  dissolved in  10  mL of  isopropanol, mixed for 4 s, and 

centrifuged for 5 min at 2500 g (CentraMP4R centrifuge, I nternat ional Equipment Company, 

Neeham He ights, MA). T he absorbance was read against a blank containing 1 0  mL of  

1 60 



Chapter 6: Stability ofliposome dispersions 

isopropanol and 25  �tL of  Mil l i-Q water at 232 nm ( l inole ic hydroperoxides and conj ugated 

d ie nes)  and 268 nm (conjugated trienes and secondary products) .  

T o  measure the loss o f C F, a 0 . 1 ml aliquot of  each sample \Vas diluted t o  2 ml us ing butTer 

at pH 7, and fil led into Centristart I 1 3239E filters . These were centrifuged at 4000 g for 1 5  

m inutes in  a CentraMP4R centrifuge ( International Equipment Company, M A) to obtain a 

sample of the bulk aqueous phase. Both the bulk aqueous phase and a sample of  the non­

centrifuged liposome d ispers ion were d iluted 1 :  1 0  w ith butTer, and the C F  concentration 

measured using a luminescence spectrophotometer L S50B (Perkin E lmer, Wellesley, 

Massachusetts, USA) with Acx = 492 nm and Acm = 5 14 nm. ) .  The difference in fluorescence 

between the non-centrifuged sample and the bulk aqueous phase corresponded to the 

entrapped CF.  

6.3 Conditions for assessing stability 

A variety of condit ions were used to assess the stabi l ity o f  the liposome d ispers ion. T hese 

included a range of  pH, temperature and time combinat ions that may be used for storage, and 

a selection of processing environments commo nly encountered in the food industry. 

6. 3. 1 Storage 

To examine the stabi l ity ofthe liposomes during storage, pH-adjusted samples were held  at 5 

°C, 20 °C, 30 oc and 35  oc. L iposome d ispers ions were assessed weekly. 

6. 3. 2 Heat processing 

A select ion of heat treatments were chosen to represent common temperature/time 

combinations used during the process ing of foods. These are outlined below. Liposome 

stabi l ity was assessed one day after the heat treatment, and again seven days later. 
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6 .3 .2 . 1 Extended t ime at elevated temperatures (55 e c  for 1 5  hours) 

The pH-adjusted samples were held in a stirred waterbath at 55 ec. After 1 5  hours, samples 

were cooled by p lacing under cold running water, then stored at 5 ec. 

6.3 .2 .2  Pasteurisation (75 ec for 2 minutes) 

A number of sample containers til led w ith l iposome d ispersion at room temperature were 

p laced in a stirred waterbath at 80 oc. A container was removed every 3 0  seconds and the 

temperature measured us ing a digital thermometer. The samples took approximately 3 

minutes to reach 75  ec, and after a further two minutes the temperature did not rise 

s ignificantly. Al iquots of pH-adjusted liposome dispersions were filled into the same sample 

containers, and p laced in the waterbath tor a total o f  5 minutes. The samples were then 

cooled under cold running water and stored at sec. 

6 .3 .2 .3 H igh temperature treatment (90 ec tor 2 minutes )  

A stirred waterbath was completely surrounded with po lystyrene and heated to  95 ec.  A 

number of  sample containers tilled with l iposome d ispersion at room temperature were 

placed in the waterbath. A container was removed every 30 seconds and the temperature 

measured us ing a digital thermometer. The samples took approximately 3 minutes and 30 

seconds to reach 90 ec,  and a further two minutes d id not cause s ignificant increases in 

temperature. Aliquots of pH-adjusted l iposome d ispersions were fil led into the same sample 

containers, and placed in the waterbath for a total o f  5 minutes 30 seconds. The samples 

were cooled under cold running water and stored at s ec. 

6.3 .2 .4 U ltra high temperature (UHT) treatment ( 1 4 1  oc for 10 seconds) 

The samples were heated to 1 4 1  oc and held tor 1 5  seconds using a min i  U HT p lant ( Alfa 

Lava!, Sweden), with a flow-rate of 1 l itre/minute . The samples were rap idly cooled and 

stored at 5 oc. 
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6. 3. 3 Addition ofNaCl or CaCl2 

S amples were mixed 1 : 1  w ith solutions of between 0. 0 1  and 4 M NaCl  or CaCh and left for 

1 hour before determining the average hydrodynamic diameter. 

[ t  was possible that differences in the stabil ity of l iposome d ispers ions when exposed to 

increases in ionic concentration were due to the differences in the mineral content of  the 

phospho lipid fraction rather than the actual phosphol ipids themselves .  D ialysis was used to 

exchange the bulk aqueous phase for each of the dispers ions to provide a sample of 

Phospholac which had the s ame soluble mineral content as S igP3644, a sample of 

Phospholac which had the same soluble mineral content as U ltralec, etc. These were then 

mixed I :  1 with the NaC l  or CaCh solutions as described above. 

6. 3. 4 Freezing and freeze-drying 

There is some evidence that the presence of  cryogenic sugars on both s ides of a membrane 

improves the effectiveness of the sugar compared with having it on only one s ide of the 

membrane (van Winden, 2003) .  Many sugars ( including sucrose and glucose) wil l  diffuse 

through the bi layer, automat ical ly ensuring that the molecules are present on both s ides of 

the membrane. However, others (such as trehelose) have been shown to be relatively 

membrane impermeable . Therefore, there may be a difference in the effect iveness of  these 

s ugars depending on whether they are added prior to liposome formation (present on  both 

s ides of the membrane) or after l iposome formation (only present on one s ide of the 

membrane) . 

Varying amounts of sucrose, glucose, trehelose or maltose were added to samples of  

l iposome d ispersions that had been  produced in  buffer in the usual manner. L iposome 

d ispersions were also made where varying amounts oftrehelose or maltose were added to the 

p hospholipid d ispers io n  prior to Micro fluidizat ion. Approximately 2ml of each sample was 

filled into eppendorf tubes and then e ither frozen or freeze-dried. After freezing for 24 hours 

at -20 °C, samp les  were thawed in a stirred beaker at 60 °C, and analysed for hydrodynamic 

d iameter and by TEM. 

Freeze-drying was performed usmg a FD06 1 0 freeze-dryer (Cud don Marlborough 

E ngineering Works, B lenheim, N ew Zealand) . The samples were dried for 72 hours under 
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vacuum with  a chamber temperature of  -30 oc and a shelf temperature of 20 °C, and stored 

in a des iccator unt il required. To rehydrate, 2 ml of deionised water was added to each tube, 

then the tube was inverted several t imes and allowed to stand for 24 hours at room 

temperature. Hydrodynamic d iameter was assessed and TEM micrographs taken within 5 

hours of rehydration. 

6. 4 Results and discussion 

6. 4. 1 pH 

T he init i al changes in l iposome diameter caused by pH adjustment are shown in F igure 6-2 . 

There was l ittle change in the average d iameter of the Phospholac l iposome d ispers ion (� 95 

nm) across the entire pH range, but both the S igP3644 and Ultralec d ispersions showed rapid 

increases in average d iameter in the samples at the lower pH values. The U ltralec dispers io n  

appeared t o  stabilize at � 80  n m  above pH 4 ,  but there were significant increases i n  the 

average d iameter for the S igP3644 d ispersions for all samples below pH 7 .  From pH 7- 1 0, 

the S igP3 644 d ispersions had an average diameter o f �  80 nm. 
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Figure 6-2 Effect of p H  on the average hydrodynamic diameter of liposome dispersions. 

Samples were measured 24 hours after pH adjustment. E ach point is the mean of three 

measurements with error bars ± 1 standard deviation. 
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The increase in l iposome diameter at the low pH values for both the S igP3644 and Ultralec 

dispersions was also reflected in the increase in sample turbidity shown in F igure 6-3 . There 

was also a s l ight increase in turbidity of the Phospholac dispersion at pH 2 .  The Ultralec 

dispersion at pH 2 rapidly formed a sol id phosphol ipid pellet the same yel low co lour as the 

in it ial Ultralec phospho lipid material, with a much smaller amount of sediment also present 

in the pH 2 S igP3644 dispersion but no apparent sedimentation in the Phospho lac dispersion. 

After 72 hours, the S igP3644 dispers ion at pH 2 had also formed a solid pale yellow pel let, 

but there was still no sed imentation in the Phospholac sample. 

Phospholac liposome dispersion 

pH 2 4 6 7 8 1 0  

SigP3644 liposome dispersion 

pH 2 4 6 7 8 10  

Ultralec l iposome dispersion 

pH 2 4 6 7 8 1 0  

Figure 6-3 Photographs of liposome dispersions 2 4  hours after p H  adjustment. 

F igure 6-4 shows the effect of pH adjustment on CF entrapment. There appeared to be a 

s l ight reduct ion in entrapped CF at pH 2 for the Phospho lac and S igP3644 dispersions and 

again at pH 1 0  for the Phospholac dispersion, but there was no effect on entrapment at pH 

values between 4 and 8. The Ultralec d ispersion released more of the C F  at the lower pH 
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values, but was s imilar to the S igP3644 d ispersions at pH 7- 1 0 . Although no p H  adjustment 

was required for the samples at pH 7, the measured CF e ntrapment was between 92-98%, 

suggesting that there was a small under-estimation of entrapment. This appeared to aftect all 

three dispersions to a similar degree, so no correction was made to the results. 
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Figure 6-4 Fraction of entrapped carboxyfluroscein retained 2 4  hours after p H  adjustment of 

liposome dispersions. Each point is the mean of three measurements with error bars ± l 

standard deviation. 

There are several possib le causes for these increases in l iposome diameter and turbidity. The 

level o f  retained C F  shown in F igure 6-4 for the S igP3644 dispersion suggests that the 

l iposomes arc merely aggregating rather than fusing (F igure 6-5) .  It is l ike ly that the low pH 

i s  neutralising the s urface charge a s  shown by the changes i n  zeta potential as a function of  

pH (section 5 . 3 . 3 ) ,  and it is possible that the l iposomes are still retaining their indiv idual 

ident ity and thus any entrapped contents. However, the photograph of the Ultralec 

d ispersion  at pH 2 in F igure 6-4 shows that the dispersio n  has been destroyed, forming a 

pellet of phosphol ipid with a clear supematant. The chances o f  sufficient liposomes 

remaining intact to  retain 60% of the entrapped CF (as shown in Figure 6-4) seems unl ike ly. 

This is supported by the TEM micrographs shown in F igure 6-6, which indicate that pH has 

a s ignificant effect on the physical structure of the l iposomes.  
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(a) Aggregation 
(b) Mild fusion (c) Major fusion 

Figure 6-5 Schematic showing possible causes of significant increases in liposome diameter. Liposomes 

may aggregate to form large clusters while still retaining their individual identity and any entrapped 

contents. Under more severe stress, the bilayer membranes between the liposomes may merge or break 

to produce a smaller number of larger vesicles. During the breaking and reformation of the membrane 

it is likely that at least some of the entrapped material will be lost to the bulk aqueous phase. Eventually 

these much larger fused vesicles can also aggregate and sediment. 

The TEM micrographs of all of the d ispers ions show that the l iposome structure appears to 

be affected at low pH values, although the Phospholac d ispersion has retained more of the 

normal l iposome appearance than e ither of the other two fractions. Based o n  these 

observations, the CF entrapment shown in Figure 6-4 does not seem to be a val id reflectio n  

ofthe stabil ity of the l iposome systems. This i s  discussed i n  further detail i n  section 6 .4 .2 . 3 .  
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Phospholac 
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p H 4 

pH 6 
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Phospholac SigP3644 Ultra lee 

pH 7 

p H  8 

pH 1 0  

Figure 6-6 Negative staining TEM micrographs showing the effect of p H  on liposome dispersions. All 

micrographs are the same scale, 48,600 x magnification, bar = 0.3!1m. 
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6. 4. 2 Storage 

6 .4.2. 1 L iposome diameter 

F igure 6-7 shows the effect of pH on the average Phospho lac l iposome diameter during 

storage at different temperatures .  At 4 °C there was an init ial sl ight increase in diameter for 

s amples at pH 2, but no change for samples at pH 4- 1 0. The lower pH samples had a sl ight 

increase in s ize after 60 days, but samples at pH 6- 1 0  appeared to be relat ively stable over 

the 1 00 day period. Storage at 20 and 30 oc resulted in a s imilar pattern, but as the storage 

temperature increased, the increase in liposo me size at pH 4 and below appeared to occur 

more quickly. After l 00 days at 30 oc there was a s l ight increase in part icle s ize even 

amongst the higher pH samples, with major changes at those pH values for the samples 

stored at 35 oc . However, samples at pH 6- 1 0  appeared to be stable during storage for up to 

60 days even at the higher temperatures . 
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Figure 6-7 Effect of pH on average hydrodynamic diameter of a Pbospbolac l iposome dispersion d uring 

storage at various temperatures. 

1 70 



Chapter 6: Stability ofliposome dispersions 

The effect of temperature on the storage of S igP3644 l iposome dispers ions is shown in 

F igure 6-8 .  At low pH values, these d ispers ions were not stable at any temperature even for 

short periods. However, when samples at pH 7- 1 0  were stored at 4 oc there appeared to be 

very l ittle change in s ize over the 1 00 days . At the higher storage temperatures the average 

l iposome diameter of the higher pH samples also increased, demonstrating s ignificant 

instability after only 1 0  days at 20 °C, and almost instantaneously at 30 and 35 oc . Although 

the samples at pH 1 0  init ially had a smaller increase in average s ize, a rap id increase in s ize 

occurred after 40 days . The dispersions at pH 8 had the best long-term stab il ity at all 

temperatures. 
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Figure 6-8 Effect of pH on average hydrodynamic d iameter of a SigP3644 liposome dispersion d uring 

storage at  various temperatures. 

1 7 1  



Chapter 6: Stability ofliposome di.1persions 

U ltralec dispersions underwent a s imilar pattern of change in liposome diameter to the 

S igP3644 dispers ions (F igure 6-9). In  low pH samples, l iposome s ize increased rapidly, 

w ith the highest pH samples showing a delayed increase which occurred more quickly at the 

h igher temperatures. Samp les at pH 7 appeared to have the best long-term storage stabil ity. 
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Figure 6-9 Effect of pH on average hydrodynamic diameter of an Ultralec liposome dispersion d u ring 

storage at various temperatures. 

To invest igate the statistical s ignificance of the changes during storage, a stat istical package 

(WinBugs 1 .4) was used to fit a simple curve to the data for liposome d iameter vs pH for a 

part icular temperature and time combinat ion. This was then compared with the curve for 

day 0 .  Due to the general shape of  the data, the curve was based on the exponent ial s hown 

in Equation 6- 1 ,  with the constants explained in F igure 6- 1 0. 

S ize (nm) = a +  b(e-c(pH)) Eq 6-1 
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Size (nm) 

b 

a 

2 pH 

Figure 6- l 0 Schematic showing the physical interpretation of the constants for the statistical analysis of 

the effect of various conditions on liposome diameter. a = function of the value of the asymptote, b = a 

function of the difference between the liposome size at pH 2 and the asymptote, and c = a  function of the 

shape of the curves. The three curves shown in this figure have the same a and b values but different c 

values. 

Unfortunately, this s imple model was not able to fit the increase in l iposome diameter 

observed at the high pH values for storage o f S igP3644 or Ultralec at 30 or 35 oc . The rapid 

aggregation and sol id ification of the lipid component of the SigP3644 and Ultralec samples 

at pH 2 and after storage >20 oc for Ultralec samples at pH 4 meant that these po ints were 

also not able to be eas ily included in the model .  There was insufficient data to just ify 

developing a more sophisticated model with an increased number of terms, so it was dec ided 

to only use between pH 4-8 in the model l ing process. 

Unfortunately, this statistical analysis based on a simple model was not able to accurately 

reflect the observed changes as shown in F igure 6-8 to F igure 6- 1 0  for the S igP3644 and 

Ultralec samples . However, it is obvious from a visual comparison of these figures that the 

Phospholac dispers ions had a much greater stabil ity during storage than e ither S igP3644 or 

U ltralec dispersions in all conditio ns assessed. 
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6 .4 .2.2 Modeling ofthe storage stabi l ity  of Phospholac dispersions 

The relat ively consistent pattern of change observed for the Phospholac l iposome d ispersion 

indicated that it may be possible to use the bas ic model developed above (Equation 6- 1 )  to 

predict the changes in liposome s ize as a function of pH, t ime and temperature . Results fro m  

the samples from p H  2- l 0 were included i n  this model. 

T he WinBugs 1 .4 stat istical package was used to compare the various values of (a) ,  (b) and 

( c )  for the d ifferent temperature/time combinations and output a relat ionship between 

temperature, t ime and pH that fitted with the changes observed in ( a) ,  (b) and (c ) .  The ful l  

version of this relat ionship is given i n  Equation 6-2 through to Equation 6-. 

Where : 

a + d X e -c 
X (pH-2) 

Eq 6-2 

a =  ai + (temp a x temp) + (time a x In t im) + ( timesqa x In tim x In t im) E q  6-3 

d = (bi-ai )  + (tct x temp ) + (timed x In t im) + (timesqd x In t im x In t im) E q  6-4 

c = Ci + (tcx temp) + (timec x In tim) Eq 6-5 

temp = (storage temperature in °C) - 20 Eq 6-6 

t im = (storage time in days) + l E q  6-7 

T he values tor the constants used throughout these equat ions are given in Table 6- 1 .  
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Table 6-1 Constants and values for Phospholac model to predict the average hydrodynamic diameter of 

a dispersion as a function of storage time and temperature. 

Constant Value 

a; 94 .68 

b, 1 40 . 7  

C; 5 . 20 1 

temp a -0. 1667 

tc -0.07576 

td 2 . 378 

timea U3 l 

timesqa -0. 3645 

timec -0 .8565 

timed - 1 9.5 1  

timesqJ 8 . 5 1 8  

A comparison between the measured and pred icted results i s  shown in F igure 6- 1 1 .  At low 

storage temperatures the model over-est imates stabil ity for the mid to low pH samples.  

However, at 20, 30  and 35 oc the d ifTerences between the measured and predicted diameters 

are much less s ignificant . 

"All models are wrong. Some are useful" (Box, 1 979) . Although additional work is required 

to val idate this model, it does look promising for allowing the prediction of changes in 

l iposome s ize as an indication of stabi l ity across a range of pH and storage temperatures for 

up to 1 00 days. 
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Figure 6-1 1  Comparison between experimental data on the change in average hydrodynamic liposome 

diameter for Phospholac d ispersions and change predicted by the model Each intersection is a data point .. 
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6.4 .2 .3  CF entrapment 

The CF entrapment of the l iposome dispers ions at 20 OC are shown in F igure 6- 1 2 .  I t  

appeared that the majority of  this loss occurred during the first week of  storage. The loss 

tended to be greatest at the extremes of  pH, with pH 6 showing the highest amount o f  

retained CF .  There was some incons istency w ithin the tripl icates, especially for the Ultralec 

d ispersions and at the higher temperatures for all samples, with further replicates 

demonstrating a s imilar degree of  scatter. 
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Figure 6-1 2  Effect of pH on the ability of l iposome dispersions to retain entrapped CF d uring storage 

at 20 "C. Mean of three measurements is plotted, with the error bars ± I standard deviation. 

Comparing the changes in l iposome diameter (Figure 6-8 to F igure 6- 1 0) with the release of 

C F, the diameter increased most s ignificantly at the low pH values which corresponded with 

the lowest release of CF .  In  some o f  the samples at the h igher temperatures, the results 

appeared to indicate an increase in entrapped CF over t ime. This observation is not sensible, 

as the CF should diffuse from the zone of  high concentration inside the l iposome to the zone 
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of lower concentration in the bulk aqueous phase. This would cause a reduction in the 

proportion of entrapped CF over time. The concentration of C F  in the bulk aqueous phase 

wil l  increase over t ime, and rupture of l iposomes would also increase the level of 

unentrapped CF, but there should never be a lower concentration of CF ins ide the l iposomes 

than in the bulk phase. 

Cons idering both the apparent mcrease m CF entrapment over time and the inverse 

relat ionship between changes in entrapment and l iposome diameter, it appears that there may 

be some form of binding occurring within the system There are no reports in the l iterature 

o f  C F  binding to phospholipids, but the commercial fract ions used in this work contain a 

s ignificant amount of  protein and carbohydrate material. Another poss ibility is that as small 

aggregates formed in the less-stable systems, some of the CF has become trapped within 

these structures .  These aggregates may also impede the separation of the sample of the bulk 

aqueous phase by part ial ly blocking the filter in the Centrisart centrifugal tube. 

Another possible explanation is that CF actually does permeate through the l iposome 

membrane. A l iterature search revealed that it is only the c harged form of  CF that is 

membrane impermeable, with the uncharged form free ly crossing the bi layer (Lee et al. , 

1 998) . Several articles were also found that used the diffusion of CF ( in the charged form) 

across the l iposome membranes as an indication  of permeabi l ity (Kirby et al. , 1 980 ;  S agrista 

et al. , 2000; Bayazit, 2003) .  Th is suggests that the basic assumption made tor this 

experiment - that any CF in the bulk aqueous phase must have come through l iposome 

instab i l ity - is invalid. 

Due to the obvious inadequacies with the above method for tollo'wing l iposome stabil ity 

during storage, measurements of C F  entrapment vvere discont inued after 2 weeks . 

6.4 .2 .4 L ip id oxidation 

T he oxidation ofthe l ipids during storage was followed by measuring the peroxide value and 

level of corliugated d ienes present in the samples .  These measurements provide a chemical 

means of assessing the stabil ity of the system, and provide a useful addit ion to the physical 

changes shown by the measurements of hydrodynamic d iameter. 
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6 .4 .2 .4 . 1 Peroxide value 

T he peroxide value of the fresh pH 7 d ispersion  was measured prior to the pH adjustment 

and storage o fthe samples. It was not thought necessary to measure each sample across the 

pH range, as altering the pH should not have any immediate effect on the peroxide value of  

the sample.  The changes in peroxide value during storage at 20 oc are shown in F igure 6- 1 3 .  

The init ial peroxide values ranged from 0 . 08 for the Phospholac dispersion t o  0. 1 5  for the 

S igP3644 sample. However, this init ial value for Phospho lac may have been incorrect, as 

the peroxide values measured for pH 7- 1 0  after 8 days were lower than the init ial value. 

For all three liposome dispersions there was a general increase in peroxide value over t ime, 

w ith a significantly faster rate of increase at the higher temperatures .  The overall increase 

was much smaller in the Phospholac and Ultralec d ispersions, with the peroxide values of  

samples at 3 5  oc for 55  days being 4 . 5  t imes the initial value . The comparable S igP3644 

sample had a peroxide value of9 .  7 t imes its init ial value. 
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Figure 6-1 3  Change in peroxide values for 10 '% phospholipid l iposome dispersion d uring storage at 20  

"C. Mean of  three measurements is plotted, with error bars showing ± 1 standard deviation. 
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The effect of pH on peroxide value differs between the fractions. The Phospho lac samples 

tend to have the highest peroxide value at the lower end o f the pH range, while the peroxide 

values for the S igP3 644 and Ultralec dispersions were highest at pH 7-8 and 8 - 1 0, 

respectively. This seems unusual as oxidation usually occurs most rapidly at extremes of  

pH.  However, hydroperoxides are unstable molecules and tend to break down over t ime to 

form a variety of products inc lud ing aldehydes and ketones .  This means that the total 

hydroperoxide concentrat ion of a product will reach a peak and then decl ine as more of the 

hydroperoxide molecules are degraded and the aldehyde and ketone concentration increases . 

I t  is possible that the hydroperoxide content of S igP3644 and U ltralec d ispers ions at pH 1 0  

was lower than at pH 7 and pH 8 because the peroxides in these samples had already begun 

to break down. 

6.4.2.4.2 Conjugated dienes 

The levels of conjugated dienes formed in each of the l iposome dispersions during storage at 

20 °C are shown in F igure 6- 14 .  The absorbance at 232 nm of the pH 7 d ispersio n  was 

init ially measured prior to pH adjustment, as it was thought that altering the pH should not 

have any immediate affect on the level of conjugated dienes present in the sample .  There 

appears to have been a mistake with the initial reading for the Phospholac and possibly the 

Ultralec dispersions, as it was s ignificantly higher than the subsequent readings , Other than 

the day zero reading, the absorbance values all increase over time, ind icat ing the formation 

of conjugated die nes  through the oxidation process. The absorbance leve l for the Phospho lac 

d ispersion was between 0 . 8  and 1 . 5 for all readings, including after storage at 35 oc for 5 5  

days. The S igP3644 and U ltralec dispersion had much lower starting values (0 .4 and 0 . 3  

respectively), but after storage at 35 oc for 5 5  days these values increased t o  4 . 0  for the 

S igP3644 samples and 1 . 8 for the U ltralec d ispersions. There was a strong correlat ion 

between temperature and the rate of increase in conjugated dienes, which is not surprising 

s ince the rate of oxidation is known to increase with temperature. There was some 

indication that the rate of  conjugated d iene format ion increased at the h igher pH values 

during storage of the S igP3644 and Ultralec d ispers ions .  However, the absorbance of the 

low pH Phospholac samples increased more than the absorbance of high pH Phospho lac 

samples. 
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Figure 6-1 4  Change in absorbance at 232 nm as a measure of level of conjugated dienes in a l O'Yo 
phospholipid liposome dispersion d uring storage at 20 "C. Mean of three measurements is plotted with 

error bars showing ± l standard deviation. 

The h igh initial value for the Phospholac dispersion  may be due to some non-l ipid 

component present in the fract ion that also absorbs at 232 nm, but the relat ively small 

increase compared with the other two fractions indicates that the rate of conjugate d iene 

formation is much lower. 

Overall, the peroxide value and conjugated diene resu lts suggest that the S igP3644 

phosphol ipid fraction is more susceptible to oxidation than e ither of the other two fractions. 

The Phospholac l iposome dispersions have a much lower rate of formation of  conjugated 

dienes, most l ikely reflec ting its primarily saturated fatty acid profile. The increase in rate of 

oxidation at high pH for the S igP3644 and Ultralec fractions was reflected in both the 

peroxide value and the formation of conjugated d ienes .  
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6. 4. 3 Heat treatments 

F igure 6- 1 5  shows the effect that a variety of  heat treatments had on the average I iposome 

diameter of the phospholipid dispersions at d ifferent pH values .  I n  order to allow 

comparison between the different phospho l ipid fractions, the results are reported in terms of 

the percentage change in d iameter caused by the heat treatment. 

In general, heat treatment at high pH appeared to result in a much smal ler change in average 

l iposome diameter than the same treatment at lower pH values. The Phospho lac dispersions 

were consistently much more stable at all pH values than either U ltralec or S igP3644 

d ispersions, with S igP3644 general ly the most sensit ive to all of the heat treatments used. 

However, the Ultralec dispers ions at pH 4 became very turbid and formed large lumps at all 

heat treatments, but no lumps formed in the S igP3644 samples.  
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Figure 6-1 5  Changes in average diameter of liposome dispersions at a range of pH values after 

various heat treatments. Mean of three measurements is plotted with error bars showing ± 1 

standard deviation. 

There is relatively l ittle published material which considers the heat stabil ity of liposome 

d ispersions, however Chandran et al. ( 1 997) stated that l iposomes were thermolabile and that 

the l ipids are l ikely to be hydrolysed during the h igh steril isat io n  temperatures. Conversely, 

Arnaud ( 1995a) reported that heat steril isat ion could be used to attain microbio logical 

stability of  selected l iposome dispersions, and that it did not appear to affect liposome 

stabil ity. Zuidam et al . ( 1 993)  also looked at the use o f  heat for the steril ization o f  

l iposomes, and found that liposome structure and lipid oxidat ion values were not affected by 

autoclaving ( 1 2 1  oc for 1 5  minutes) .  
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I t  is antic ipated that commercial heat treatments with good mlXlng of  the product and 

accurate control over the exposure temperature and time would significantly reduce the 

damage to the l iposome d ispersions and there would be a smaller increase in l iposome 

diameter. However, the UHT treatment, which was provided by a p i lot scale p lant had the 

most severe effect, despite the short exposure to the high temperatures and fast cooling. 

6. 4. 4 Ionic concentration 

T he effect that changes in ionic concentration had on the average liposome d iameter of the 

phospho lipid dispersions is shown in F igure 6- 1 8 . fn order to allow comparison between the 

d ifferent phospho lipid fract ions, the results are reported in terms ofthe percentage change in 

d iameter caused by the addit ion of the sodium chloride or calcium chloride. 

Overall, the Phospholac dispersions were less affected than e ither the S igP3644 or U ltralec 

d ispersions by the changes in ionic concentrat ion. This difference was most c learly shown 

w ith the addit ion of  calcium ions. An increase in liposome d iameter of  less than 1 0% was 

exhibited for up to 1 .4 M NaCl  addit ion tor the Phospholac dispersion, compared with 0 .2 M 

NaCl and 0 . 1 5  M NaCl  for the S igP3644 and Ultralec d ispersions respect ively. Calcium 

ions caused more rapid destabil ization, with 0.25 M C aClz addit ion result ing in a 1 0% 

increase in d iameter for the Phospholac d ispers ion and even 0 . 1 M C aCh causing >20% 

increase tor both the S igP3644 and Ultralec samples. 

25 

-­
.... 

v· 

Phosphoiac 
SigP3644 
Ultra lee 

.v 

60 

Phospho!ac 
S igP3644 
Ultra lee 

0�--�----�----�--�----�--� 
0 . 0  0.2 0 4 0.6 0.8 1 0 1 .2 1 4 1 6 0.0 0 5  1 0 1 5 2.0 2.5 3.0 

Added NaCI (M) Added CaC12 (M) 

Figure 6-1 6  E ffect of increasing ionic concentration on the average d iameter of l iposome d ispersions. 
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To determine whether or not these d ifferences were due to the phospho lipids present rather 

than the ionic balance of the fractions, samples were d ialysed against each of the o ther 

fractions to exchange the ionic profiles. These samples then had varying amounts of N aC l  

and CaCh added as previously described. The resu lts tor the add ition of N aCl  are shown in 

F igure 6- 1 7 .  
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Figure 6-1 7  Effect of changing the ionic profile of the liposome dispersion by dialysis against another 

liposome dispersion on the susceptibility of the dispersion to NaCI. 

The S igP3644 dispersion dialysed against the Phospholac fraction was less stable in the 

presence of Na+ ions  than the same dispersion w ith its o riginal ionic profile o r  after d ialys is 

w ith the U ltralec fraction. The Phospholac and U ltralec dispersions appeared to have a 

s l ightly smaller average l iposome diameter whe n  the ir orig inal ionic balance was exchanged 

for that of e ither of the other two fractions. However, the change in average d iameter due to 
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increasing ionic concentration was s imilar regardless of the ionic balance of  the part icular 

phospholipid fraction. These results indicate that the natural mineral content of the fractions 

was not responsible for the observed differences in the susceptibil ity of the l iposome 

dispersions to increasing ionic concentration (as shown in F igure 6- 1 7) .  

6. 4. 5 Freezing 

T he effects of  different cryo-protective sugars on  the percentage increase in average 

l iposome diameter during freezing of a 1 0% phosphol ip id solut ion are shown in F igure 6- 1 8 . 

Typical TEM micrographs of the thawed l iposome dispersions are shown in F igure 6- 1 9 .  

With no added cryo-protective sugars, the freeze/thaw process appeared to destroy the 

l iposome structure, causing over a 300% increase in average s ize (Figure 6- 1 8) and showing 

virtually no sign of l iposome structure in the TEM micrographs (Figure 6- 1 9) .  The add it io n  

of  1 %  sucrose prior to freezing not only s ignificantly reduced the increase i n  l iposome s ize 

of the thawed dispersion but some spherical membranous structures can be seen in the TEM 

micrographs. Addit io n  of higher concentrations of sucrose further reduced the change in 

l iposome s ize and a larger number of small particles were present in the micrographs . The 

addit ion of trehelose before the format ion of the Phospho lac liposomes appeared to reduce 

the increase in average d iameter compared with the addit ion  of trehelose after l iposome 

formation, but there was no s ignificant difference between pre- and post-formation addit io n  

of trehelose for the S igP3644 and U ltralec samples. Overal l ,  sucrose and glucose seemed to 

have the best protective effect on a weight/weight basis, although trehelose and mannitol  

appeared to be at least as e ffective as sucrose in the Phospholac dispersions . Trehelose is the 

most commonly used cryo-protective sugar in the l iterature, but Anchordoguy et al. ( 1 987 )  

found that sucrose and trehalose seemed to  be  equally as  effect ive during freeze-thaw 

processes. Van Winden (2003) commented that disaccharides such as sucrose, trehelose and 

l actose are more successful than monosaccharides such as g lucose or sorbitol at protecting 

l iposome structure during freezing. However, F igure 6- 1 8  shows that for all three l iposome 

d ispersions, g lucose was at least as successfu l  as sucrose in preventing large increases in 

average l iposome d iameter caused by the freeze-thaw process. 
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Figure 6-18  Effect of  cryo-protectant sugars on  liposome diameter in  a 10% phospholipid 

d ispersion during a freeze-thaw cycle. 
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Figure 6-1 9  T E M  micrographs showing effect of adding sucrose to pre-formed liposome d ispersions 

before freezing. Bar == I 000 nm. 

There was a corresponding decl ine in the increase in l iposome s ize as the amount of any of  

the cryo-protective sugars increased, but the relat ionship appeared to be  asymptotic, reaching 

a p lateau at approximately 20% and 40% increase for sucrose or glucose in the S igP3644 

and Ultralec d ispersio ns respect ively. The asymptotic nature of the curve was not so 

apparent in the Phospholac dispersions, with increases in the amount of g lucose added still 

having a significant effect on  l iposome s ize at 1 2% glucose. However, the curve for sucrose 

may have been reaching a plateau at � 1 20% increase in l iposome d iameter, much higher 

than the increases observed for s imilar levels of s ucrose in e ither S igP3644 or Ultralec 

dispersions . 

These results appear to indicate that even with the addit ion of cryo-protective sugars, 

freezing and thawing results in s ignificant evidence of damage to the l iposome d ispers ions. 

However, van Winden (2003) found that a ratio of >2 : 1 sugar to phospho l ip id on  a 

weight/weight basis was required for successful freeze-thawing of  l iposome d ispersions, 

which is almost twice as much sugar than the h ighest concentration used during this work. 

Therefore, further experiments with higher concentrations of cryo-protect ive sugars would 

need to be undertaken to determine whether these liposome dispersions are able to 

successfully withstand the stresses of a freeze-thaw cycle.  
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6. 4. 6 Freeze drying 

T he freeze-drying and rehydrat ion of a 1 0% Ultralec l iposome dispersion resulted in the loss 

of  almost all s igns of any membrane structure (F igure 6-20),  with an average hydrodynamic 

d iameter of wel l  over 1 500 nm. Addition of cryogenic sugars such as maltose and trehalose 

to the d ispersion pnor to the freeze-drying process reduced the liposome diameter to 

between 400-600 nm. However, this was st i l l  much l arger than the pre-freeze-drying 

average d iameter of 85 nm, and the TEM micrographs indicated s ignificant damage had 

o ccurred to the l iposome structure. Increas ing the amount of sugar present did appear to 

improve liposome stabil ity, but even the addit io n  of 5% trehalose resulted in an average 

l iposome s ize of 425 nm and the presence of many very large and irregular non-liposome 

structures .  

No maltose Addition of I '% maltose Addition of 2 %, maltose 

Addi tion of 1 %  trehalose Addition of 2% trehalose Addition of 5%, trehalose 

Figure 6-20 Negative-staining T E M  micrographs showing the effect of addition of cryogenic sugars on 

freeze-drying and rehydration of Ultralec l iposome dispersions. Bar = 1 000 nm. 

The removal of the free water makes freeze-drying a much more severe treatment than a 

s imple freeze/thaw cycle . G iven that s ignificant damage was still c aused by the freeze­

thawing of l iposome d ispersions containing cryo-protective sugars at up to 1 2% w/w, it is 
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not surprising that there was major damage to the l iposome structure after freeze-drying a 

d ispersion containing s imilar sugar concentrations. I ncreasing the levels of the cryo­

protective sugars would help reduce this damage, but s ignificant further work to optimise the 

freeze-drying condit ions  is l ikely to be required before there is any possib i l ity of  using this 

technique to successful ly extend the shelf- l ife of the l iposome d ispers ions. 

6. 5 Conclusions 

T he Phospholac l iposome dispersions showed s ignificantly better stabil ity  than e ither of  the 

two soy fractions during storage at a variety of temperatures . The Phospholac dispersions 

were also more resistant to heat processing treatments ranging from medium temperature for 

extended periods through to UHT processes . I ncreases in ionic concentrat ion resulted in 

much more rap id aggregat ion and/or fusion among the S igP3644 and U ltralec l iposomes 

than in the Phospholac dispersions . The abi l ity to withstand higher ion ic concentrations d id 

not appear to be related to the natural mineral bal ance of  the fraction, but seemed to be due 

to the diHerences in phospho l ipid and fatty acid composit ion. The fatty acid composit ion 

was also likely to be the primary reason for the lower susceptibil ity to oxidat ion  

demonstrated by  the Phospholac liposome d ispers ions, part icularly compared with the 

S igP3644 d ispersions .  

Although freezing and freeze-drying are commonly referred to as suitable methods for long 

term storage of l iposomes, all t hree fractions underwent severe damage during these 

processes, shown by large increases in liposome s ize and TEM micrographs . There was 

some evidence to suggest that the Phospholac l iposomes were more severely affected by 

these treatments than the S igP3644 and Ultralec dispersions. The addit ion of cryogenic 

s ugars reduced the measured average d iameter and improved the v isual appearance of the 

micrographs, but even at addition levels of 1 2% w/w the damage was s ignificant . 
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Chapter 7: Entrapment of hydrophilic and hydrophobic com pounds in 

liposome dispersions 

7. 1 Introduction 

D uring the format ion of  the phospho lipid bilayer, hydrophobic compounds may be 

incorporated inside the membrane. This bilayer may then form a liposome, enclosing a 

portion of  the aqueous environment inside the vesicle and thus entrapping hydrophilic 

compounds present in the aqueous phase. Entrapment efficiency is the proportion of the 

desired compound present in the system that is held w ithin the l iposome structure, e ither in 

the aqueous compartments or incorporated in the bilayer membrane. 

T he b ilayer membrane is held together by non-covalent interactions, al lowing it to carry a 

w ide variety of hydrophobic compounds .  The inclus ion  of such compounds at up to 

approximately l 0 wt . % will not usually d isrupt the membrane, although membrane flu idity 

and permeabi l ity may be affected (New, 1 990b) . For h ighly hydrophobic materials and 

l iposome preparation methods based on the thin-film technique, entrapment is usually close 

to l 00% regardless of the l iposome type and composit ion. Overall entrapment is thus 

determined by the total amount of phosphol ipid present (Weiner, 1 995 ) .  For molecules of 

lower hydrophobic ity, the location of the compound within the l iposome and its entrapment 

efficiency wil l  depend on its partit ioning between the hydrophilic and hydrophobic phases .  

T he dehydration-rehydration method used by one group resulted in entrapment efficienc ies  

ranging from 1 to  34% for proteins ofvarying hydrophobicities (Picon et  al. , 1 994) . 

Hydrophil ic entrapment for a g iven liposome system is proportional to the entrapped volume 

of the l iposomes ( We iner, 1 995)  and the phospholipid concentrat ion .  The use o f  high 

concentrations of the hydrophilic material increases the active material to phospholipid ratio, 

making more efficient use of the phospho lipid available. The theoretical maximum for 

entrapment efficiency is 70%, as 30% of  the aqueous phase is required to fill the gaps 

between the l iposomes (Martin, 1 990).  However, this is based on the premise that the 

l iposomes are rigid, spherical vesicles .  T here is evidence that the b ilayer membrane is quite 

flexible and that l iposomes are often non-spherical (section 5 .3 .2 . 1 ,  Chapter 5: 
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Characterisation of liposomes), which at very high phospholipid concentrations may allow 

entrapment efficienc ies higher than this theoretical maximum. 

Reported entrapment efficiencies for hydrophil ic materials vary greatly depending on the 

details of the preparat ion method and specific hydrophilic compound. The standard thin­

film liposome preparation method usually gives a hydrophilic entrapment efficiency of only 

l -9%, but repeated freezing and thawing of the solut ion can increase the e tTic iency to 35 -

8 8%. Mayhew et  al. ( 1 984) used a Microfluidizer R to encapsulate cytosine arabinoside 

( Ara-C), and obtained entrapment efficiencies ranging from 5-7 5% depending on the 

operating condit ions and phosphol ip id concentration. 

The calculat ion of the entrapment efficiency is usually based on the removal of 

unincorporated material and the assumption that the remaining material is all entrapped. 

This requires a metho d  to separate free and e ntrapped species, and is usually based on e ither 

s ize and/or density d ifferences (New, l 995c;  Re ineccius, l 995b). A number of different 

techniques were used during this study, including centrifugation, gel filtrat ion, membrane 

filtrat ion and d ialys is . Details on the advantages and disadvantages o f  e ach of these 

techniques, as wel l  as a compar ison between methods reported in the l iterature, can be found 

in section 2 .7 . 3 ,  Chapter 2: Literature review. 

To characterise and compare the entrapment profiles of the three l iposome d ispers io ns, a 

number of model compounds were used. �-Carotene was chosen as a model hydrophobic 

compound, as its bright orange colour allowed the presence of the molecule to  be fol lowed 

qualitat ively by eye and quantitatively by spectrophotometric techniques. T he hydrophil ic 

dye carboxytluroscein (CF) is used extens ively in  the literature due to its fl uo rescent nature 

and lack of membrane permeab il ity. However, due to obv iously invalid results obtained 

when us ing CF as an indicator of l iposome stabi l ity (Chapter 6: Liposome stability), it was 

decided not to use C F  in further experiments . G lucose, sucrose, and ascorbic acid were 

selected as model small  hydrophil ic compounds as they had been investigated by earl ier 

researchers (Kirby et al. , 1 99 1 ;  Amaud, 1 995c;  Waters et al. , 1 997), were inexpensive and 

there were a wide range of options for measuring their concentration. I n  addit ion, the 

entrapment of ascorbic acid would potentially have d irect applications in foo d  systems. 

1 92 



Chapter 7: Entrapment olhydrophohic and hydrophilic compound\' in /iposome dispersions 

7.2 Hydrophobic entrapment 

72 1 �Materials and methods 

72 ,  L 1 L iposome production 

There are two basic forms of P-carotene available for use in food systems - o il-soluble and 

water-soluble, The water-soluble form has between 1 - 1 0% p-carotene dispersed in a matrix 

that may be made of compounds such as starch, gelat in and dextran, The o il-soluble form 

usually has 5 -25% P-carotene d ispersed in a food-grade oiL More pure forms are available 

from chemical suppl iers, but these are not commonly used in food systems due to difficulties 

in incorporating the �-carotene into the foo d  products ,  

The basic method outl ined in Chapter 3: Phospholipid fraction and method selection was 

used as a starting point for �-carotene entrapment I nit ially  the water-soluble form of P­

carotene was added to the phosphol ip id w ith the imidazo le buffer, However, the �-carotene 

molecules failed to become incorporated within the bi layer membrane, instead remaining in 

the aqueous phase ,  Attempts to mix the oil-soluble form into the phospholipid fract ions 

prior to the addition of the aqueous phase resulted in the formation of fine emulsions, with 

the o il/P-carotene droplets stabil ised by the phosphol ipids, 

A 95% P-carotene powder was obtained from S igma (Catalogue #C9750) ,  Because p ure P­

carotene is insoluble in water, some form of solvent must be used to combine the carotene 

and the phospho lipid, I n  the l iterature, pure P-carotene is usually d ispersed in chloroform 

and the l iposome produced using the thin-film method,  A variation on  this technique was 

developed as out l ined below, Because chloroform is not suitable for incorporat ion  in food 

systems, experiments were also conducted using ethanol as a foo d-grade alternative , 

The �-carotene was added to a beaker containing the phospho lipid and e ither ethano l or  

chloroform This mixture was heated to approximately  60 oc on a hot p late with  constant 

stirring, and held until the phospho lipid formed a melt. The solvent was then evaporated 

over an 80  oc water bath, The aqueous phase was added and stirred using a magnetic st irrer 

until the l ip id  film had hydrated. The M icrofluidizat ion process then cont inued as o utlined 

previously. 
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7 . 2 . 1 .2 P-carotene analysis 

The presence of P-carotene can be determined qualitativel y  by eye, however quantitative 

measurements were required to ensure val id comparisons between systems. T he 

concentration of P-carotene in a sample was measured quantitat ively us ing a Waters 2690 

H PLC Separations Module and an Alltech Prevail C 1 8  Column ( 1 50 x 4.6 mm, 5 11m) . 

S amples were prepared for HPLC by adding 1 ml chloroform to between 0. 1 - 1  ml of  the 

l iposome d ispersion, then making up to 5 ml with methano l. This solubil ised both the P­

carotene and the phospho l ip ids, producing a c lear solut ion which was passed through 0 .22 

)..tm fi lters before fil l ing into HPLC v ials. The mobile phase was 90 : 1 0  

methanol : chloroform, and absorbance measured at 436 nm. The primary P-carotene peak 

e luted at between 8 . 6-8 . 8  minutes, although there was a small peak at approximately 6 

m inutes .  Control samples containing l iposome with no P-c arotene present did not produce 

any peaks under these conditions. 

7 . 2 . 1 . 3 Separat ion  of unentrapped P-carotene 

T he hydrophobic nature of the P-carotene caused the unentrapped material to form 

aggregates ofvarying s izes. Two techniques were used to remove the aggregates.  Firstly, 1 

m l  of the l iposome d ispers ion was passed through a 50 x 200 mm co lumn o f Sepherose gel 

(Pharmacia B iotech, USA) .  I midazole buffer was used as the mobile phase, and a c lear 

separation of the unentrapped P-carotene and the l iposomes was obtained, as shown in 

F igure 7- 1 .  However, the w ide particle s ize d istribution of the l iposome d ispers ions resulted 

in their elut ion over approximately 20 ml, and it was difficu lt to determine when to start and 

finish collect ion .  The technique was also very t ime consuming, with each run tak ing 2 

hours. 
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(a) 

(b) 

Figure 7- 1 Gel filtration column showing the separation of liposomes with entrapped P-carotene 

(a) and unentrapped P-carotene aggregates (b). 

In the second technique, 3 ml al iquots of the liposome dispersions were added to 6 ml of  

buffer so lution and centrifuged at 4000 g for 4 hours in  a CentraMP4R centrifuge 

( I nternational Equipment Company, MA). The supernatant was removed, and the 

centrifugation step repeated once more. Centrifugation at this speed removed large P­

carotene aggregates, but did not cause s ignificant sedimentation of the l iposomes or of the 

very small P-carotene aggregates . To remove the smaller part iculates, the supernatant was 

then passed through a Millex GS 0.45 J.lm fi lter unit (Mill ipore, MA, USA).  A redd ish 

colour indicat ing the presence of P-carotene could be seen on the upstream s ide of the filter. 

While very large l iposomes may not pass through the filter, the vast majority of vesicles 

were significantly smaller than 450 nm and it is unl ikely that the exclusion of such a small 

number of liposome would affect the result. 

7. 2. 2 Results 

F igure 7-2 shows the total amount of 13-carotene entrapped per gram o f  phospholipid (using 

chloroform) as a function of the added P-carotene per gram of phospholipid. As expected, 

the amount of P-carotene entrapped increased almost l inearly with increasing 13-carotene 

addit ion up to - 6 J.lg/g phospholipid. However, upon addit ion of > 6 mg 13-carotene per 
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gram of p hospholipid the amount of entrapped �-carotene increased more s lowly and then 

level led off This plateau value differed between the l iposome d ispersions, being � 6 �J,g P­

carotene per  gram of phospholipid for Phospholac, � 3 .5  �J,g �-carotene per gram of 

phospholipid for S igP3644, and � 4.5 11g �-carotene per gram of phospho lipid for Ultralec .  

ANOV A analysis found that there were s ignificant d ifferences between the entrapment 

values for all three fractions at 95%. 
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Figure 7-2 Entrapment of added �-carotene in liposome membranes using c hloroform to disperse 

the �-carotene and phospholipid prior to Microfluidization. 

T his data ( Figure 7-2) has been used to calculate entrapment efticiencies for 0-carotene and 

the results are shown in ( Figure 7-3 ) .  The differences in effic iency o f  P-carotene entrapment 

were obvious. When very small amou nts of P-carotene were d issolved in chloroform along 

w ith e ither Phospho lac or Ultralec, almost all of the �-carotene became incorporated into the 

l iposome membrane. As more �-carotene was added, the proportion entrapped decreased. 

The entrapment effic iency of the S igP3644 l iposome d ispersion was considerably lower than 

the other two l iposome d ispers ions ; the efficiency did not exceed 0 . 5  even at very low 0-

carotene concentrations. The entrapment e ffic iency o f  the S igP3644 l iposome d ispersion 

was comparatively less affected by the increasing level of P-carotene addit ion. 
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Figure 7-3 Entrapment efficiency for added �}-carotene in liposome membranes using chloroform to 

disperse the �}-carotene and phospholipid prior to Microfluidization. 

T he steeper slope of the l inear portion of the Phospho lac curve shown in F igure 7-2 is 

reflected in the higher entrapment efficiency below 1 5  mg �-carotene per gram of 

phosphol ipid. At almost all concentrations of added P-carotene used, Phospholac liposome 

d ispers ions had the highest entrapment efficiency. However, there was no significant 

difference between the entrapment efficiencies of the Phospholac and U ltralec dispersions at 

the highest level of added �-carotene. 

F igure 7-4 shows the total amount of �-carotene entrapped per gram of phospho l ip id using 

ethanol as the d ispersion medium instead o f  chloroform It is clear that the use of ethanol 

s ignificantly reduced the amount of �-carotene incorporated in the l iposome membrane for 

all samples ( compare the y-axis on F igure 7-2 and F igure 7-4) . The highest amount of �­

carotene added was much lower than for the systems us ing chloroform as the d ispersion  

medium This  was because during sample preparation there were obvio usly substantial 

amounts of aggregated �-carotene, and the removal of all o f  the aggregates was blocking the 

filters and contaminating the gel column. The general shape of the plot s hown in F igure 7 -4 
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is very s imilar to the portion of F igure 7-2 between 0-6 f!g �-carotene per gram o f  

phospho lipid. This suggests that had higher concentrations of  0-carotene been added, the 

increase in the amount of 0-carotene entrapped using the ethanol as the dispers ion medium 

would be l ikely to s low down and reach a plateau in  the same manner observed w hen using 

chloroform. 
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Figure 7-4 Entrapment of added P-carotene in liposome membranes using ethanol to disperse the P­

carotene and phospholipid prior to Microfluidization. 

The entrapment efficiencies for l iposome d ispers ions produced using ethanol are shown in 

F igure 7-5 Once again there were s imilarities with the comparative graph using chloroform 

as the d ispersion medium (F igure 7-3) .  The e ntrapment efficiency was reduced as the 

amount of 0-carotene added increased, but even at very low levels of 0-carotene the 

effic iency d id not exceed 0 . 5 for any o f the l iposome d ispersions. While this is s ignificantly 

lower than the 70-90% entrapment shown using chloroform, it is encouraging that between 

40-50% of the added 0-carotene can be incorporated in the l iposome membrane us ing a 

food-safe solvent. However, due to previously mentioned problems regarding the removal 

of aggregated 0-carotene, the concentrat ions o f  0-carotene used in these experiments are 

very low compared with those seen in the l iterature (Strzalka and Gruszecki, 1 994 ; 

Gabrielska and Gruszecki, 1 996; L iebler et al. , 1 997; Rhim et al. , 2000; Lancrajan et al. , 
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200 1 ;  Shibata et al. , 200 1 ;  Socaciu et al. , 2002; Cantrel l  et  al. , 2003 ) or those that would be 

requ ired for most food appl icat ions. 
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Figure 7-5 Entrapment efficiency for added �-carotene in l iposome membranes using ethanol to 

disperse the j}-carotene and phospholipid prior to Microfluidization. 

7. 2. 3 Discussion 

The incorporation of B-carotene into the phospholipid membrane initially occurs 

proportional ly to the total amount of �-carotene present in the system, w ith total �-carotene 

entrapped increasing in a l inear fashion. Once a certain �-carotene : phosphol ip id ratio is 

o btained w ithin the membrane, it appears that the membrane becomes saturated and there is 

o nly l imited increase in entrapped �-carotene upon further addit ion of �-carotene to the 

system. Phospholac l iposome d ispersions appeared to reach this point at �-carotene 

concentrations of between 6-7 Jlgfgram o f  phospho lipid, while S igP3644 and U ltralec 

l iposome membranes seemed to become saturated at approximately 4 and 5 . 5  Jlgfgram of  

phospholipid, respect ively. 
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The efficiency of  entrapment was highest for very low levels of  �-carotene, and reduced 

l inearly as more �-carotene was added to the system. For l iposome d ispersions produced 

us ing chloro form, Phospho lac and S igP3644 demonstrated a l inear relat ionship between 

entrapment efficiency and added �-carotene up to 1 8  11g/gram of phosphol ip id, while above 

approximately 7 11g/gram of phospho lipid. Ultralec seemed to show a constant entrapment 

efficiency of  0 .4 .  The plateau in entrapment efficiency may suggest a partitioning of the �­

carotene between the so lvent phase (chloroform or ethano l) and the phospho lipid. 

In general, the overall trends were comparable between liposome dispersions produced using 

chloroform and those produced using ethanol, but the entrapment efficiencies were 

s ignificantly lower in the ethano l-based systems. This was presumably because o f  the low 

solubi l ity of P-carotene in ethanol, less than 0 .0  l g/ml compared with 3g/ml for chloroform 

(Gordon and Bauerfe ind, 1 982) For the P-carotene molecules to become incorporated in the 

phospholip id membrane, they must be solubilised and brought into contact with the 

phosphol ipid molecules. If the �-carotene molecules form aggregates they wil l  not become 

part of the membrane structure. Shibata et  al. (200 1 )  found that P-carotene has a relat ively 

lovv miscibility in phosphol ip id membranes, and is incl ined to form aggregates rather than 

always becoming incorporated into phosphol ipid membranes . 

I t  must be noted that there was some difficulty in dissolving the S igP3644 phospho lipid 

fraction in the solvents .  However, increasing the amount of solvent, temperature or length of  

dispersion t ime d id  not have a s ignificant effect o n  the level of  �-carotene entrapment for 

this fraction. 

The d ifferences in P-carotene entrapment between the three l iposome d ispers ions are most 

l ikely to be due to differences in the composit ion  of the phospho lipid fractions. The 

partit ioning of the �-carotene between the l iposome membrane and the so lvent phase wi l l  be 

influenced by the hydrophobicity of the membrane interior, which is determined by the fatty 

acid compos it ion  and presence of other hydrophobic molecules. Amphiphil ic molecules  

including proteins may also affect membrane hydrophobicity. 
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7. 2. 4 Conclusions 

These results suggest that the composition of the Phospho lac fraction is able to entrap a 

higher percentage of the hydrophobic molecule P-carotene than the S igP3644 fraction, using 

e ither chloroform or ethanol as the d ispers ion medium. T here may also be some advantages 

over the Ultralec fraction ( i .e .  when using chloroform as the dispersion medium), although 

further experiments are required to determine whether this d ifference is indeed s ignificant. 

7.3 Hydrophilic entrapment 

7. 3. 1 Methods 

7 .3 . 1 . 1  L iposome preparation 

L iposomes were prepared as described previously, with the hydrophil ic compound dissolved 

in the buffer prior to the addit ion of the phospho l ipids. 

7 . 3 . 1 . 2  Determination of  entrapped material 

7 . 3. 1 . 2 . 1 Glucose 

A wide variety of techniques may be used for determining the glucose concentration of a 

solution. These include Thin Layer Chromatography ( Luke, 1 97 1  ) ,  G as Chromatography 

( Luke, 1 97 1 ;  Ribereau-Gayon and Bertrand, 1 972), NIR spectrometry ( Hartmann and 

Buening-Pfaue, 1 998) and H igh Performance L iquid C hromatography ( Wong-Chong and 

Martin, 1 979) with UV absorption measured between 425 -475 nm. Test strips developed 

for diabet ics to quickly and easily measure the ir blood g lucose concentration have also been 

used for measuring glucose content of other solut ions (Misener et al. , 1 995) .  

There are several colourimetric procedures in the l iterature. One involves the oxidat ion of 

g lucose by heating in an alkaline ferric cyanide solut ion, reaction o f  the ferric cyanide 

produced with an acid so lution of arsenomolybdate, and measurement of the blue colour 

produced at 750 nm (Bonino et al. , 1 97 1 ) . I n  another, glucose is heated in an ammo nium 
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molybdate solution made in phosphate-phthalate buffer at pH 5 .3 ,  and the absorbance of the 

blue colour measured at 7 1 0 nm (Nickerson et al. , 1 976) .  

Enzymatic techniques are also common. Budke ( 1 984) describes using an immobil ized film 

of g lucose oxidase to convert g lucose to hydrogen peroxide which is then measured 

electrochemically, while Renbing et al ( 1 997)  used a similar technique but measured the 

hydrogen peroxide through an iodometric measurement. Miwa et al ( 1 984), Everitt and 

Malrnheden Yman ( 1 993) and Steegmans et al (2004) reported the use of hexokinase and 

glucose-6-phosphate dehydrogenase to convert glucose to gluconate-6-phosphate. The 

N ADPH produced during this process is proportional to the amount of g lucose converted, 

and can be determined through the measurement of optical density at 340 nm. 

To determine how many process ing steps were required to ensure all the unentrapped 

glucose had been removed, it was necessary to choose a technique that quickly measures 

g lucose concentration. Both diabetic test strips and an HPLC technique were used. For the 

test strips, a drop o f  the sample solution was applied to the s ide o f  the Accu-Chek strip 

( Ro che D iagnos itcs) ,  and cap il lary act ion drew the required amount into the strip cavity. 

The strip was then inserted into the Advantage Complete meter (Roche Diagnostics) which 

provided a read-out for glucose concentration within 30-45 seconds. In the HPLC technique, 

a Waters 2690 HPLC Separat ions Module and an Alltech Prevail C l 8  Column ( 1 50 x 

4 .6mm, 5)lm) were used in combination with  a U V  detector at 450nm. Deionised water was 

used as the mobi le phase, with  a flowrate of  1 . 5 mllmin. The g lucose e luted after 

approximately 8 minutes.  

To  provide a standard for comparing accuracy of other techniques, a glucose ass ay k it 

(QuantiChrom DIGL-200, B ioAssay Systems) and a Roche Cobas Fara II analyser 

(Hoffmann La Roche, Base!, Switzerland) were used to measure the absorbance at 630 nm 

result ing from the reaction between a-toluidine and glucose.  The speed and s implicity o f the 

d iabetic test strips was far superior to the other techniques available, although results 

o btained using HPLC techniques correlated s l ightly better than the diabetic test strips w ith  

the standards measured using the Cobas Fara analyser (F igure 7-6) . A combinat ion of  the 

H PLC and d iabetic test strips were used throughout the experiments described below. 

202 



Chapter 7: Entrapment of hydrophobic and hydrophilic compounds in /iposome di.1persions 

25 

� 20  
..l ;::;, 0 s 
! 1 5  
= e 

� 10 E " u = 0 
� 5 e .2 
c.,:) 0 

e HPLC 
0 Diabetic strips 

- HPLC trendline 

· Diabetic strip trendline 

�-- g ·  
•o 
• 

0 

v 0 9448x + 0 3 ! 75 
R.' o.<>448 

0 

• 

\ 0.8(XJ3x -c ! . 4447 
iz' O)l673 

�L-----�------r------r------�----� 
0 5 1 0  1 5  20 

Glucose concentration as measured by Cob as Fara (mmoi/L) 
Figure 7-6 Comparison between results obtained using an HPLC technique and diabetic test strips using 

the Cobas Fara analyser and an enzymic test kit as the reference method. 

7.3 . 1 . 2 . 2  Ascorbic acid  

HPLC is one of the more common techniques for determining ascorbic acid concentration .  

Detect ion can be via U V  at 245 nm ( Liau et al. , 1 993 : Jain et al. , 1 995 ) , 250  nm ( Rizzolo et  

al. , 1 984) or  265  nm (Tanishima and Kita, 1 993) ,  electrochemical detectors (L iau et al. , 

1 993) or fluorescence ( Iwata et al. , 1 985 ;  Bilic, 1 99 1 ;  Liu et al. , 2000; Wu et  al. , 2003 ; 

Perez-Ruiz et al. , 2004; Wang et al. , 2005) .  Other techniques reported in the l iterature 

include use of ascorbic acid's interference w ith the starch-iodine reaction ( Sharma et al. , 

1 990; S amotus et al. , 1 994), capillary zone e lectrophores is (Cho i  and Jo, 1 997 ; Gal iana­

Balaguer et al. , 200 1 )  and the reduction of indophenol ( Iggo et al. , 1 956 ;  Svehla et al. , 

1 963 ) .  

I t  was found that the sensitivity of  both the indopheno l and the starch-iodine react ions was 

inadequate for these experiments, so HPLC w ith UV detection at 245 nm was used. The 

ascorbic  acid used produced two peaks when analysed using HPLC in this manner. The s ize 

of the smaller peak increased upon storage of the ascorbic acid solut ion, suggesting that it 

correlated to a transformation of the main form of ascorbic acid to a different isomer or to 

degradation products produced during ascorbic acid oxidation. I n  add it io n, imidiazole buffer 

and pho sp ho lipids both absorbed in the 240-270nm region, interfering w ith  the U V  detection 

of the ascorbic acid. Correcting for the absorption of the buffer would be possible using a 

blank. However, the phospholipid concentration varied between the samples, making 

correcting for the phosphol ip id absorption through use of blank or control samples very 

compl icated .  Therefore phosphol ipid concentrat io n  was separately determined using the 
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method outl ined in section 5 .2 . 1 (Chapter 5: Physico-chemical characterisation of liposome 

dispersions) . .  

An enzymatic method was used which was based on the transformation of  L-ascorbate to 

dehydroascorbate by ascorbic oxidase. Two 400 �-tl al iquots of each sample were taken and 

added to e ither 1 00 �-t l o f water or an ascorbic oxidase solution (S igma catalogue #A0 1 57) .  

T he samples were incubated at 25 oc for 6 minutes, and the absorbance measured at 593 nm. 

The d ifference between the two absorbance readings corresponded to the ascorbic acid 

content of the sample (Moeslinger et al. , 1 995) .  

7 . 3 . 1 . 2 . 3  S ucrose 

The sucrose concentration of a solution can be measured by Brix refractometer, HPLC using 

U V  ( 1 90 nm) or  refractometer detection (Karkacier et al. , 2003) ,  gas-liquid chromatography 

(Wong Sak Hoi, 1 983),  colourimetric assay (Dav ies et al. , 1 995) and enzymatic assay (Vinet 

e t  al. , 1 998) .  

T he method tor determining sucrose concentration was based on Rodriguez-Sevilla et  al. 

( 1 999). A 1 ml al iquot of the l iposome d ispersion was mixed with 4 ml of  acetonitrile and 

filtered through a 0 .45 �-tm Mil l ipore fi lter (Mil l ipore Corporation, Mi l tord,  USA) .  The 

s ample was p assed through a Waters 2690 HPLC Separations Module w ith a 1 50 x 4 .6  mm 

Alltech Prevail  C 1 8  Column using a mobi le phase of 7 5 :25  v/v aceotnitrile and water at a 

flowrate of 0 . 9  ml/min. The concentration of sucrose in the e lutent was determined us ing 

both a refractive index detector and absorbance at 1 90 nm. 

7 .3 . 1 . 3 Removal of unentrapped material 

S ix different techniques were used to remove the unentrapped hydrophil ic material. These 

were sucrose gradients, dialys is, ultrafiltration (UF) centrifugal filtration, u ltracentrifugation 

and gel filtrat ion .  

7 . 3 . ! . 3 . 1  S ucrose gradients 
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Density gradients based on different concentrations of sucrose were constructed in 

centrifugation tubes,  and the l iposome d ispersion carefu l ly p ipetted o nto the top surface . 

The tube was then centrifuged at between 5 ,000 and 30,000 g tor up to 4 hours. 

7 . 3 . 1 . 3 . 2  Dialysis 

Dialysis is not one of the most common techniques tor the purification of l iposomes, but it is 

a very gentle method which has provided goo d  results for the removal of a variety of 

unentraped materials (New, 1 995b;  Reineccius, 1 995b;  Valenti et al. , 200 1 ;  Devaraj et al. , 

2002) .  For dialysis separat ion, segments of Spectra!Por 1 32655 Regenerated Cellulose 

d ialysis membranes with a molecular weight cut-off (MWCO) of 6-8,000 were filled w ith 

1 4ml of l iposome d ispersion and l ml of e ither buffer or  a 1 0% triton solut ion .  Each tube 

was placed in a beaker containing l OOml imidazole buffer with  continuous gentle stirring 

and the bulk buffer replaced every 6 hours over a total of 1 8  hours. S amples of the bulk 

buffer and the retentate were then analysed for the amount of  hydrophilic compound present. 

7 . 3 . 1 . 3 . 3  Ultrafiltration (UF)  

Samples of the l iposome d ispersions underwent u ltrafiltrat ion in an Amicon stirred 

ultrafiltration cel l  ( model 8050, Amicon D iv . ,  W . R. Grace and Co . Denvers, MA, USA) 

containing a YM 3 Diaflo U F  membrane (3 ,000 MW cut-oft) at a pressure o f  300 kPa. The 

samples were reduced down to a very thick paste before being either analysed tor 

hydrophil ic material or re-suspended in buffer for another filtration cycle . I t  took up to 8 

hours to remove as much of the buffer and unentrapped hydrophil ic material as possible. 

This process was repeated until permeate concentrations of  the hydrophil ic material were 

c lose to zero. 

I nit ial tests using a YM 1 0  membrane ( 1 0,000 MW cut-oft) showed that there was a small 

concentrat ion of  p hospho l ip id in the permeate, indicating that some molecules must be 

passing through the membrane. S imilar tests using the YM 3 membrane found that the level 

of phospholipids in the permeate was negl igible . 

7 .3 . ! . 3 .4 Centrifugal filtration 

To speed up the u ltrafiltration technique, the membrane filtration was combined with 

centrifugal force. Centrisart I 1 3239E filters uti l ise centrifugal force to push a UF membrane 

onto the surface of the l iquid, allowing water and small molecules to pass through the 

205 



Chapter 7: Entrapment of hydrophobic and hydrophilic compounds in liposome dispersions 

membrane while the larger molecules remain behind (F igure 7-7 ) .  The outer tube was fil led 

with 2 rnl l iposome dispersion and 0 .5 ml buffer or 1 0% triton solution. The inner tube w ith 

the filter s l id down to rest on the surface of the liquid,  and the tubes were centrifuged for 3 

hours . Centrifuge speeds of between 3 ,000 and 4,400 g were used. 

Centrifugal force 

j 

Sa m pie place in outer tube. 
Smaller empty tube slides inside 

and rests on top surface of 
sample . This apparatus is then 

placed in centrifuge 

Centrifugal force 

j 

B uffer and 
small solutes 

Some of the buffer and small 
solutes pass through the U F  

membrane as th e  inner tube 
is forced downwards by 

centr�ugal force 

Figure 7-7 Operation of Centrisart ultrafiltration filters. 

7 .3 . 1 . 3 . 5  Ultracentrifugation 

Liposomes and 

entrapped 

material 

Buffer and sma l l  solutes 
(including some 

unentrapped material) 

I nner tube removed, containing 
buffer, small solutes (including 

some unentrapped materia l ) .  
Liposomes remain in  outer tube 

with entra pped material. 

Ultracentrifugation is one of the most common techniques used in the l iterature for removal 

of unentrapped hydrophilic material. A standard method appears to be centrifugation of the 

l iposome dispersion at 1 00,000 g for approximately 1 hour ( Banville et al. , 2000; Valenti et 

al. , 200 1 ) . However, some authors use up to 1 60,000 g for 3-4 hours (New, 1 995b) .  

I nit ial experiments found that the centrifugation of liposome d ispersions with phospho l ip id 

concentrat ions 2: 1 0% failed to completely sediment even after 24 hours at 1 00,000 g. At 

least two broad layers of a viscous, s l ightly yel lowish l iquid were formed above the smal l 

pellet, o ften with a d istinct phase boundary between layers of  apparently different refractive 

indexes. Negative staining TEM micrographs confirmed the presence of liposomes in these 

coloured layers as well as the pel let (Figure 7-8) .  The images showed that the upper layer 

contained a larger number of smaller ves icles than the lower layer, along w ith a few very 

large ves icles. However, there was not a s ignificant difference in the average hydrodynamic 

diameter between the layers when measured using PCS. This could be due to the high 
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scattering caused by the small number of large l iposomes.  T he sediment appeared to contain 

l arge proportions of larger-s ized vesicles, and this was confirmed us ing PCS on samples of  

the  pellet resuspended in  buffer. 

Sediment Lower viscous layer Upper viscous layer 

Figure 7-8 Negative staining T E M  micrographs of the layers formed by a 1 0%, Phospholac liposome 

d ispersion after centrifugation at 1 00, 000 g for 24 hours. Bar = 0.2 J.tm. 

At the top of the centrifuge tube, there was a c lear, colourless phase which had a negl igible 

p hospholipid concentration, indicating that although the liposomes were not fully 

sediment ing, they were responding to the centrifugal force . It was possible that the h igher 

v iscosity of the layers may have interfered w ith the sedimentation of the l iposomes w ithin 

each layer. Therefore, fresh samples of the d ispersions were diluted 1 : 5 with buffer and the 

centrifugation process repeated. This t ime there were no obvious l iquid layers tor the 

Phospholac and Ultralec l iposome dispers ions, but still a thin layer above the S igP3644 

pellet, that did not sediment despite further centrifugation, was present. 

The l iposome dispersions were diluted 1 : 5  w ith buffer, then  centrifuged at 1 00,000 g for 8 

hours. The total quantity of the supernatant was measured and a small sample retained,  and 

the pel let resuspended in fresh buffer. This process was repeated 4 times tor each sample. 

T he concentration of hydrophilic material was determined for each  sample of  supernatant 

and for the final pellet .  For the S igP3644 sample, the supernatant was removed using a 

p ipette to ensure the thin viscous layer remained with  the pel let. 

7 .3 . 1 . 3 .6  Gel permeation chromatography 

Two gel permeation columns were used. The first was a 50  x 200 mm co lumn o f Sepherose 

gel ( Pharmacia B iotech, USA), the second, a 1 0  x 1 50 mm column of  B io Gel P-6 DG 

desalting gel (B ioRad, catalogue 1 50-0738) .  1 ml aliquots ofthe l iposome d ispersions were 
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passed through the column, with imidazole buffer used as the mob ile phase. The turbidity of  

the fractions was used to  identifY the e lution of  the liposome, and was measured by  

absorbance o f  the sample at 600 nm. The indophenol reduction test was used as  a semi­

quantitative indicator of  the elution of ascorbic acid. 

I nj ection volumes of 1 ml of a 1 0% phospholipid l iposome dispersion were used for both 

columns. The Sepherose column required the use of a pump set at 1 mllmin, and the e lution 

of  the l iposomes occurred after approximately 75 minutes and was spread over 20-30 

minutes ( Figure 7-9) . The indophenol reduction test showed elut ion of the unentrapped 

hydrophil ic material occurred between 1 00- 1 40 minutes, possibly overlapping the e lut ion o f  

the liposomes. The second column (Bio Gel) was gravity-fed, and took approximately 1 0- 12  

minutes for the elut ion of the liposomes and 20-25 minutes for the unentrapped material. 

There appeared to be a consistent gap of at least 5 minutes between the e lution of the 

l iposomes and the unentrapped material ( F igure 7- 1 0) .  

0 . 30 

0.25 

5 
= 0.20 g ·..c 
-
eo: 
� 0. 1 5  <.; 
= 
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40 50 60 70 80 90 

Time (minutes) 

e Phospholac 
e SigP3644 

- � - U ltralec 

1 00 1 1 0  

Figure 7-9 Elution profile of Jiposomes from Sepherose column as a function of time. Presence of 

l iposomes was indicated by sample turbidity as measured by absorbance at 600 nm. 
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Figure 7-1 0  Elution profile of l iposomes and ascorbic acid from the BioGel colu mn as a function of time. 

Ascorbic acid plot shown was from the Ultralec liposome dispersion, with the peak at 9-1 4  minutes 

corresponding to entrapped ascorbic acid and the peak at 1 9-26 minutes corresponding to unentrapped 

ascorbic acid. The presence of liposomes was indicated by sample turbidity, and the results presented in 

terms of absorbance at 600nm. Ascorbic acid concentration was determined by reaction with 

i ndophenol, and the results plotted as the ml of 0. 1 '% indophenol required to turn collected fractions 

eluting from the column blue. 

7 . 3 . 1 .4 Membrane permeabil ity 

T he rate at which sucrose d iffused through the membrane for each of  the three phospho lip id 

fractions was measured using pulsed-field-gradient N MR ( PFG N MR). This technique is 

d iscussed in detail in section 5 .2 .  7 in  Chapter 5: Physico-chemical characterisation of 

L iposomes. 

The PFG NMR diffus ion measurements were performed using a Bruker Avance 500 Mhz 

spectrometer with a 5 0  G cm-1 z-gradient on l iposome d ispers ions prepared in d ist i l led water. 

The gradient strength (g) was varied between 5 and 5 0  G cm-1 in 3 2  steps, w ith a gradient 

p ulse width (b) of 5 ms. Several measurements were t aken for each sample, with  � values 

increased from 60 to 1 50 ms. Models were fitted to the experimental data us ing the non­

l inear least-squares regress ion analyses in Matlab (version 6 . 5 , The Mathworks lnc ) .  
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7. 3. 2 Results and discussion 

7 . 3 .2 . 1 Sucrose gradients 

This technique was not suitable for separat ing entrapped and unentrapped sucrose, but was 

used for liposome dispersion containing both ascorbic  acid and glucose. After 

centrifugation, an opaque white band was formed between I 056 and 1 08 0  g/cm3 , with an 

average particle d iameter of between l 00- 1 50 nm. Negative staining T E M  micrographs 

confirmed the presence of l iposomes in this band. However, the band tended to be relatively 

broad and diffuse, and it was d ifficult to separate it from the ne ighbouring sucrose solut ions. 

D ifferent s ized l iposomes have slightly different densities, and it is l ikely that the width of 

this band is a reflection o f  the broad liposome s ize d istribution in each o f  the d ispers ions 

(Chapter 5: Physico-chemical characterisation of liposome dispersions) . The increase in 

average particle size compared with the average for the orig inal l iposome d ispersio n  may 

indicate that the smaller l iposomes were not part of this band.  Due to difficult ies in iso lating 

the band containing the l iposomes and the possibil ity that this band d id not represent a valid 

c ross-section of the liposome population, the use of sucrose gradients was discontinued. 

D ialysis and ultrafiltrat ion 

During dialys is of l iposome d ispersions containing glucose or ascorbic acid, samples of  

retentate and bulk aqueous so lution were taken at regular intervals. l O% Triton-X was 

added to each sample to disrupt the l iposomes, and the concentration of the hydrophilic 

material measured as outlined in section 7 . 3 .  1 .2. Although the hydrophil ic content of the 

retentate was init ially s ignific antly h igher than the bulk solution, there was a rapid decl ine in 

the g lucose level of the retentate until  there was no s ignificant difference between the 

retentate and bulk samples . This observation was consistent for l iposome d ispersions 

p roduced from all three phospholipid fract ions. 

It took up to 1 2  hours to concentrate 25 ml of a 1 5% phospho lipid d ispersion of l iposomes 

i nto a thick paste using the Amicon st irred cell .  The removal of as much buffer and 

unentrapped material as poss ible at each stage was necessary to minimise the number of 

washing cycles required. Usually 3-5 cycles were required before the permeate had a 

negligible concentration of  the hydrophi l ic material. Unfortunately, after this number o f  

cycles, there was n o  s ignificant difference between the hydrophilic concentration of the 

permeate and the retentate. 
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I t  is expected that over t ime, entrapped hydrophil ic material will d iffuse through the 

phospholipid membrane and into the bulk phase. This rate of d iffusion will depend on  the 

barrier properties of the membrane, but will also be affected by the concentrat io n  gradient 

created through the removal of unentrapped material. As both these techniques  required 

many hours to remove the unentrapped molecules, it may have been  that much o f  the 

entrapped material was diffusing out of the liposomes during this process .  

7 . 3 .2 .2 Centrifugal filtration 

Centrifugal filtration uses centrifugal force to s ignificantly reduce the t ime required for 

filtrat ion by dialysis or UF cell .  I nit ial experiments found that the vo lume o f  permeate did 

not s ignificantly increase after centrifugation tor period longer than � 20 minutes. The 

reduction in ascorbic acid content of the permeate as a function of the number of  washes is 

shown in  Figure 7- 1 1 . The amount of ascorbic acid in the permeate decreased to less than 

0 . 5  mg/ml after 7 washes, while the ascorbic acid  concentration of the retentate remained 

between l .  5 and 2 mg/ml. This suggested that there was between 1 - l .  5 mg ascorbic acid 

entrapped per ml of l iposome d ispersion. The ascorbic acid entrapment was calculated for a 

variety of  init ial concentrations based on d ifference between the amount of ascorbic acid in 

the permeate and retentate after 5 wash cycles ( F igure 7- 1 2) .  The entrapment efficiencies 

were all extremely low,  most ofthem less than 0 .05%. 

25 

I 

• 
• 

• • 
0 +--------.--------.--------.--�·---. 

0 2 4 6 8 

Number of washes 

Figure 7- l l  Ascorbic acid content of permeate frac tions produced using Centrisart filters and a 1 0% 

Phospholac l iposome dispersion with an initial ascorbic acid concentration of 50 mg/ml. E ach d ata point 

is the result of a separate sample. 
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Figure 7- 1 2  Ascorbic acid entrapment efficiency as determined from the retentate following 5 wash 

cycles using Centrisart filters and a 1 0%, Phospholac l iposome d ispersion. Each data point is the result 

of a separate sample. 

This experiment vvas then repeated using a l iposome dispersion which had been disrupted by 

the addition of 1 0% Triton-X, and similar results were obtained to those achieved us ing 

intact liposomes .  This suggested that although the ascorbic acid was remaining in the 

retentate rather than being removed with the sequential centrifugation. it may have been no 

longer encapsulated within the l iposomes . 

7 .  3 .  2. 3 U ltracentrifugat ion 

After the lack of success of  the filtrat ion-based techniques, removal of unentrapped material 

through the use of sedimentation via u ltracentrifugat ion was tested. Samp le s  of I 0% 

phospholipid l iposome d ispers ions produced from each fraction were centrifuged at 1 00,000 

g for 8 hours, the pellet resuspended in buffer, and the process repeated. An example of the 

decrease in ascorbic acid concentration for samples with an init ial ascorbic ac id 

concentrat ion  of O. l g/ml is shown in F igure 7- 1 3 . After two centrifugat ion steps, there was 

no s ignificant difference in the ascorbic acid concentration of the supernatant and sediment, 

and after tour steps no ascorbic acid could be detected in  e ither the supernatant or sediment. 

S imilar results were obtained for both g lucose and sucrose. 
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Figure 7-1 3  An example of the decrease in ascorbic acid concentration of supernatent following 

sequential centrifugation steps of a 1 0'% phospholipid dispersion. 

concentration for these samples was O. l g/ml. 

The initial ascorbic acid 

The negative staining TEM micrograph of the sediment formed after centrifugat ion of a 

Phospho !ac !iposome dispersion was shown in F igure 7-8 .  This suggests that there may be 

some damage and fus ion of the l iposomes in the pellet, presumably due to the very h igh 

forces experienced during the centrifugation process, Entrapped hydrophilic material is 

l ikely to have been released during any fus ion or  coalescence of neighbouring ves icles, The 

use of u ltracentrifugation is common in the l iterature, but many of the l iposomes contained  

s ignificant levels of  cho lesterol ( 1 0-50 mol%) which has been shown to increase the r igidity 

and stabil ity of the membrane. This may allow the l iposomes to withstand the high forces o f  

th is process without damage to the membrane and subsequent release o f  entrapped material. 

7 . 3 .2 .4 Gel permeate chromotography 

Gel  permeation is also commonly used for removal of unentrapped material, but is a much  

gentler technique than ultracentrifugation. The Sepharose column took 1 . 5 -2 hours from 

t ime of injection until the final traces of  the hydrophilic materials were e luted .  The e lution 

peaks for the liposomes and the hydrophilic compounds had long tails, and appeared to 

overlap in some cases. The long elution time also resulted in the d ilution of  the l iposome s  

2 1 3  



( 'hapter 7: Entrapment of' hydrophobic and hydrophilic compound> in liposome di.1persions 

from the 1 ml of d ispersion injected to between 2 0-30 ml of collected sample . This reduced 

the concentration o f  any entrapped material beyond the sens it iv ity of any of the techniques 

used. Changing the flow-rate of the elutent and increasing the length of the column did not 

s ignificantly improve column performance. 

T he Bio Gel column was the fastest of al l  the separation techniques used, and appeared to be 

the most successful. As shown in Figure 7- 1 4, there was evidence of hydrophil ic 

entrapment. There was an almost linear increase in amount of  glucose entrapped as the 

amount of glucose present in the system increased. This is as expected given that 

hydrophilic entrapment is directly proportional to entrapped volume. In this system, the total 

amount of entrapped vo lume was held  constant by the addit ion of l 0% phospholipid to all 

samples, and only the concentration of g lucose within the aqueous p hase was changed. 

However, when the amount of entrapped glucose was converted to entrapment efficiencies 

( Figure 7- 1 5) there was less than 3 . 5% o fthe glucose retained within the l iposomes.  
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Figure 7- 14  Amount of entrapped glucose in a IOOJ., phospholipid Phospholac liposome dispersion using 

a Bio G el column to remove unentrapped glucose. Each data point is the result of a separate sample. 
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Figure 7- 1 5  Entrapment efficiency for glucose in a 1 0 '% phospholipid Phospholac liposome dispersion 

using a Bio Gel column to remove unentrapped glucose. E ach data point is the result of a separate 

sample. 

Vemuri et al. ( 1 990) reported a hydrophilic entrapment of 35% using l iposome dispersions 

produced via Microfluidizat ion, while Mayhew et al. ( 1 984) obtained between 5-75% 

e ntrapment of  the aqueous space marker cytosine arabinoside depending on the 

M icrofluidizer operating conditions ( number of passes and pressure used) and the 

concentrations of phosphol ip id and hydrophil ic material. 

T he entrapped volume for Phospho lac was est imated to be around 2 mllg phosphol ip id 

(Chapter 5: Physico-chemical characterisation of liposome dispersions), which would 

s uggest that a 1 0% phospho lipid solut ion  would entrap approximately 20% of the volume in 

that sample. Therefore ,  the entrapment e ffic iency of  any hydrophil ic material evenly 

d istributed through the 1 0% phosphol ip id solution  should be 20%. This is well below the 

maximum o f 3 . 5% shown in F igure 7- 1 5 . 
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73.2 . 5  Membrane permeabi l ity 

These results suggested that the l iposome dispersions e ither had very low entrapment of  

hydrophilic material or that the entrapped molecules were d iffusing through the membrane at 

a s ignificant rate. The membrane permeability o f  sucrose was measured using pulse-field 

gradient NMR. The experimental data overlaid w ith the fitted model for each of the three 

l iposome d ispersio ns is shown in F igure 7- 1 6, and it can be seen that the fitted model close ly  

matches the experimental data. 

0 !i 0 t 
w 

_____...._ Ph ospholac data 
-o- Frtted model 

0 0 , +---·--�---,-----·-�---�-� 

0 .5! 0 1 
w 

0 0  2 0e+4 8 Oe+4 1 !Je+5 

q (m-1) 
Phospholac liposome dispersion 

--o- Ultra lee data 
-----{)-- model 

0 0 4 Oe+-4 6 Oe+4 8 Oe+4 1 Oe+5 

q {m-1) 
Ultralec l iposome dispersion 

0 E o 1  
w 

G O  2 Oe+4 4 Oe+4 6 Ge+4 

q (m-1) 
SigP3644 l iposome dispersion 

Figure 7-1 6  E xperimental data and fitted models for the signal attenuation for the sucrose peak for 

the different liposome dispersions 

Using the equations presented in sect ion 5 .2 . 1 0  in Chapter 5: Characterisation of liposome 

dispersions, coefficients were calculated for the d iffusion of the l iposomes w ithin the system 

and for the diffusion o f  the sucrose molecules in the bulk aqueous phase (Table 7 - 1 ) .  The 
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diffusio n  o fthe sucrose molecules in the aqueous phase was approximately 1 /w  of the rate of 

water molecules, which is not surpris ing cons idering the much larger size of the sucrose 

molecule. 

T he mean l iposome radius produced based on the assumption of a log-normal d istribution 

for l iposome s ize is s ignificantly larger than that obtained by other techniques.  Possible 

explanations for this resu lt are d iscussed in Chapter 5: Physico-chemical characterisation of 

liposome dispersions. 

The mean permeabi l ity of sucrose through the b ilayer membrane for each of the three 

l iposome dispersions is also shown in Table 7- 1 .  The rate of d iffusion for sucrose is 

approximately 1 I 100 the rate for water, but it is stil l very rapid at 4-6E-08 m/s. As an 

indication of how fast this is, the mean t ime it takes tor all the sucrose molecule ins ide a 

liposome to diffuse through the membrane into the bulk phase is less than 2 . 5  seconds. The 

membranes produced from the S igP3644 fract ion al low s ignificantly faster diffusion of 

s ucrose molecules than membranes composed of either the Phospholac or U ltralec fract ions. 

Table 7-1 Summary of sucrose permeability through the liposome membrane at 20  "C. 

Fitted to volume-weighted log-normal distribution 
Bulk sucrose 

Sample diffusion ( D2 & Dl) Mean 
l iposome Fraction of 

Mean Mean 

radius (r) Standard 
water in  

exchange permeability 
deviation 

l iposome 
time of sucrose 

(m2/s) (nm)  (seconds) ( m/s) 

Phospholac 1 . 60E. 111 22 1 0 . 60 0 . 040 2. 1 9  3 4£
"08 

SigP3644 1 .  8oE- 10 405 0 . 5 3  0 . 042 2 . 04 6 6E·<lX 

Ultralec 745 E. 1 1  2 52 0.52 0. 048 2 . 2 1 3 8£"08 

This rapid rate of d iffusio n  for sucrose suggests that the entrapped molecules are l ikely to be 

d iffusing out of the l iposomes as fast or faster than it is possible to try and separate the 

unentrapped sucrose from the dispersion. G iven that the sucrose molecule is almost twice 

the s ize of glucose molecule, it is l ikely that the rate of d iffusio n  of glucose through the 

l iposome membranes would be more rapid st ill .  Ascorbic acid has a similar molecular 

weight to glucose, and although the negative charge on  the molecule is likely to have an 

effect o n  the rate of  d iffusion, it is unlikely to decrease the exchange t ime enough to allow 
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any of the separation techniques  described here to remove all the unentrapped ascorbic acid 

without the d iffusion of  encapsulated material through the membrane. 

Kirby et al. ( 1 99 1 )  reported successful e ntrapment of ascorbic acid usmg equimo lar 

concentrat io ns of  cholesterol as well as a-tocopherol, which would have s ignificantly 

reduced membrane permeabi lity, while Dip lock et al. ( 1 977)  found that inclusion  of a­

tocopherol in a l iposome membrane composed of unsaturated phospho l ip ids significantly 

reduced the membrane permeabil ity to glucose. It is also possible that d ifferences in 

phosphol ip id composit ion  or preparation methods may contribute to the rate of diffusio n  of 

small molecules through the l iposome membranes .  

7. 3. 3 Conclusions 

The successful use of any of  the three phospholipid fractions to encapsulate small 

hydrophilic molecules  is severely l imited by the rapid rate of d iffusio n  of  these molecules 

through the l iposome membrane. The rate of diffus ion  may be reduced by the use of 

cho lesteroL although plant sterols may provide a more favourable alternative for use in tood 

products. 

D ue to the rap id diffusion of  the hydrophilic molecules through the membrane, it was 

d ifficult to accurately assess the effectiveness of the different techniques for removal o f  

unentrapped material. It appeared that combined filtrat ion and centrifugation or the use o f  

certain gel permeat ion  columns may be most appropriate for small-scale separat ion, but 

further work would be required to determine suitable techniques for large-scale operation. 
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Chapter 8:  General discussion 

This final chapter provides a summary of the work completed, along w ith an overall 

d is cussion  of the relationship behveen the d ifferences in composition of the phospho l ip id 

fr actions and the c haracteristics of the l iposome d ispersions produced from each fraction. A 

number of  possible areas for further work are also identified. 

8.1 Summary 

The overall aim o f  this project was to determine whether the phospholipid component of 

MFGM could be used to produce l iposomes, and to explore whether these l iposomes had any 

advantages over l iposomes produced from commercial soy phosphol ip id fract ions . T he 

techn ique used for l iposome production was to be suitable for use in the food industry, and 

therefore must not require the use of organic solvents and could eas i ly be scaled up to 

produce large quantities in a relat ively small amount oftime. 

A range of dairy and soy phosphol ip id fract ions were assessed for their abil ity to form 

l iposomes, and an init ial screen ing experiment used to select the fract ions which successfully 

produced l iposomes that were stable during short-term storage. The dairy p hospho l ip id 

fraction Phospholac 600 and the two soy fractions S igP3644 and Ultralec P were chosen as 

being most suitable tor liposome production. The soy-derived S igP3644 and U ltralec had 

s imilar phosphol ipid profiles, although the more highly-purified S igP3644 had more PC and 

less PI than the U ltralec fract ion, as well as a s ign ificantly lower ash content. The dairy­

o rigin o f  Phospho lac was reflected in its more h ighly saturated fatty acid profile, and the 

presence of 25% sphingomye l in .  The Phospholac and U ltralec fractions contained more 

protein than the S igP3644 fraction. Phospholac had a high proportion of monovalent 

c ations, while the ash content of the Ultralec fraction was primarily composed of  d ivalent 

c ations. 

These three fractions were dispersed in an aqueous buffer and cycled through a 

Microtluidizer R (a  high-pressure homogeniser) to pro duce liposomes . I ncreas ing the 
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pressure or number of passes through the Microflu idizer R resulted in a decrease in average 

l iposome diameter, w ith a larger reduction in l iposome s ize at lower phosphol ip id 

concentrat ions. There was no evidence o f  the Microfluidization process causing any 

oxidative damage to the system. A basic model allowing the prediction of average l iposome 

d iameter for a given set of  condit io ns was developed, providing a quick est imation of  the 

l ikely effect on l iposome s ize of any proposed changes to the processing method .  I n  general, 

l iposome dispers ions used throughout this work vvere produced from 1 0% phospholipid 

dispersio ns being passed through the Microfluidizer R 5 times at 1 1 00 bar. 

The hydrodynamic diameter (as measured by Photon Correlation Spectrometry, PCS) of the 

l iposomes produced from the Phospho lac fraction  was approximately 95 nm, s l ightly larger 

than the average diameter of approximately 80 nm for the S igP3644 and U ltralec 

d ispers io ns .  Al l  three dispers ions had a very wide part icle s ize distribution; although 

Asymmetric F ield F low Fractionat ion (AFFF) results showed that the Phospho lac 

d ispersions had fewer very small l iposomes and an overall narrower particle s ize d istribution 

than the other two d ispersions. However, despite the Phospho lac d ispersion having the 

largest average hydrodynamic diameter, it had an entrapped volume of only 0 . 8ml/g 

phospholipid, approximately half that of the Ultralec dispersion.  This is l ikely to be due to 

the overall smaller number of l arge l iposomes in the Phospholac d ispersion. Negative 

staining and Thin-section Transm issio n  E lectron Microscopy (TEM) and Freeze-fracture 

S cann ing E lectron Microscopy ( SEM) showed that the l iposomes were indeed within the 

s ize range suggested by the PCS and AFFF results . The TEM micrographs also allowed the 

l amel lar ity of the d ispersions to be investigated. All three dispersions appeared to be 

primarily unilamel lar, but there was also a small percentage of multi lamel lar and 

multivesicular l iposomes.  The unilamellar nature of the dispersions was further supported 

by the small-angle x-ray d iffraction images and additional NMR results using manganese or 

l anthanide shift reagents . 

D ifferential Scanning Calorimetry (DSC) analysis showed that SigP3644 and U ltralec had 

phase transit ion temperatures below 0 °C, while Phospholac dispersions showed a very broad 

transition with  a centre between 2 8  and 30 oc. This meant that the S igP3644 and U ltralec 

d ispers io ns were in the fluid phase at all common storage and processing temperatures, while 

the P hospholac was in the gel phase at refrigeration and ambient temperatures but would also 

be in the fluid phase at most food processing temperatures .  L iterature states that the 
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permeabi l ity o fthe membrane sho uld be lowest in the gel phase, peak at the phase transit ion 

temperature, then decrease to a medium level  in the fluid phase. I t  would be expected that 

the denser packing of the Phospholac membrane in its gel phase at 20 oc would result in a 

lower membrane permeabi l ity  compared w ith  the l iquid crystal arrangement ofthe S igP3644 

and Ultralec d ispers ions. However, while the Phospholac dispersion had a much lower 

permeability than the S igP3644 sample, there was very l ittle differe nce between the 

Phospholac and U ltralec samples at e ither 20 or 40 oc . There was also no indicat ion of any 

increase in Phospholac membrane permeability at its phase transition temperature (28 and 30 

oc). 

The presence of high concentrations of cholesterol can reduce or remove evidence of this 

transition, but the Phospholac fraction contained less than 0.05% cholesterol, too low to have 

any s ignificant affect on the phase transit ion. The transformation of the Phospholac 

membrane from the gel to the liquid crystal phase should have resulted in an increase in 

membrane permeab il ity as the packing density of the membrane decreases, but the 

experimental data showed a small decrease in measured permeabi l ity. These results were 

unusual, but appeared to be supported by the measurements of membrane thickness using 

small-angle x-ray diffraction. The Phospho lac and Ultralec bilayers were approximately 

20% thicker than S igP3644 membranes at both 20 and 40 oc. Marsh ( 1 996) c laimed that the 

l ip id bilayer was ' considerably' thinner in the fluid phase than the gel phase. However, 

small-angle X-ray diffract ion of l iposome d ispersio ns at 20 and 40 oc failed to show any 

s ignificant change in the thickness of Phospholac membranes, despite the transit ion from gel 

to f1u id state (Table 5-7) .  

Based on the l iterature, i t  would be expected that the presence of sphingomyel in and the 

h igher phase trans ition temperature due to the primarily saturated fatty acid profile would 

result in Phospholac l iposomes having a lower membrane permeability than the soy 

fractions. However, there was no s ignificant difference in the permeabi l ity of water or 

sucrose molecules between the Ultralec and Phospholac d ispersio ns at e ither 20 or 40 oc. 
This suggests that permeability is not s imply dependent on the phospholipid composition of 

the membrane or the membrane state ( i .e .  gel  or  fluid) . 

The zetapotential was measured across the pH range o f  2- 1 0  to investigate the effect of pH 

o n  the surface charge ofthe liposomes, a very important indicator of  stabi l ity  through charge 

repuls ion. It was found that the Phospholac d ispersions had the weakest negative charge 
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across the entire pH range, suggesting that they may be more susceptible to aggregation due 

to charge neutralisation. However, investigations into the effect of pH on  particle s ize fou nd 

that despite the lower surface charge, the Phospholac dispersions were more stable at the 

lower pH values. All three d ispersions appeared not to be negatively affected by a pH of 

between 6 and 1 0 . 

Increases in ionic concentration resulted in much more rapid aggregation and/or fus ion 

among the S igP3644 and Ultralec l iposomes than in  the Phospholac d ispers ions . This was 

not expected based on the zetapotential results. The abil ity to withstand higher ionic 

concentrat ions d id not appear to be related to the natural mineral balance of the fraction. 

The fatty acid composit ion is also l ikely to be the primary reason for the lower s usceptibi l ity 

to oxidation demonstrated by the Phospholac l iposome d ispersions. 

Stabi l ity was also assessed at a range of pH values for a var iety of storage and processing 

condit ions . All three of the l iposome dispersions showed minimal changes in average 

hydrodynamic d iameter during storage at up to 20 oc tor 60 days. However, the Phospholac 

d ispersions showed s ignificantly better stability than either of the two soy fractions during 

storage between 20-35 °C, espec ial ly at low pH values .  The Phospholac dispers ions also had 

a smaller increase in average d iameter after a variety of heat process ing treatments, including 

5 0  oc tor 1 5  hours, 72 oc tor 2 minutes, 90 oc for 2 minutes and 14 1  oc for 1 5  seconds. 

Long-term storage of liposomes is reported to be possible through freezing or freeze-drying 

of the dispersions. However, all three fractions had l arge increases in average l iposome 

d iameter, and TEM micrographs showed almost complete loss of liposome structure . The 

addit ion of cryogenic sugars reduced the measured average diameter and improved the v isual 

appearance of the micrographs, but even at addition levels of 12% w/w the damage was 

s ignificant . 

E ntrapment of �-carotene as a model hydrophobic compound was found to be proportional 

to the solubility of the hydrophobic material in the solvent used to dissolve the 

phospho lipids .  There also seemed to be some partitioning of the �-carotene between the 

solvent and phospholipid phases. The Phospholac fraction appeared to entrap a h igher 

percentage of �-carotene than the S igP3644 fraction, irrespective of whether chlorofo rm or 

ethanol w as u sed as the d ispersion medium, but the d ifference in entrapment efficiency 

between the Phospholac and U ltralec fractions was less s ignificant. 
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E ntrapment of smal l  hydrophil ic molecules such as ascorbic acid, glucose or sucrose proved 

d ifficult to quantify. The development of a nevv NMR technique allowed the permeabil it y  of  

specific molecules  through the l iposome membranes to be fo llowed and quantitatively 

measured. This revealed that these small hydrophilic molecules were diffus ing through the 

l iposome membrane at an extremely rapid rate, too fast for the standard methods of 

measuring entrapment to be used successfully. Reports of  successful e ntrapment of  small 

molecules in the l iterature appear to always involve the inclusion of large amounts of 

cho lesterol ( at rat ios  of c lose to 1 : 1  with phospho l ipid), a molecule \Vhich is  known to reduce 

membrane permeabil ity. Unfortunately, cholesterol is an undesirable additive tor food 

systems. I t  is possible that the use of  other sterols ( i. e .  p lant phytosterols) may result in  a 

s imilar e tTect, but this was deemed beyond the scope of this project. 

8.2 Effect of differences in the composition of the phospholipid fraction on liposome 

behaviour 

This section looks at the relat ionship between the composition results reported in Chapter 4: 

Characterisation of phospholipid fractions and the behaviours of the l iposomes covered in 

Chapter 5: Physico-chemical characterisation of liposome dispersions, Chapter 6: L iposome 

stability and Chapter 7: Entrapment of hydrophobic and hydrophilic material in liposome 

dispersions. 

8.2. 1 Phospholipid types 

One of the most s ignificant differences between the dairy and soy phospho lipid fractions was 

the types and amounts ofthe var ious phospholipid c lasses that made up each fraction. These 

are shown in Table 8- 1 ,  w ith the relative charges of  the l ipids as a function of pH shown in 

F igure 8 - 1 .  

Phospho lac was primarily composed of approximate ly equal quantities o f  PC, P E  and 

sphingomyel in, with small amounts o f the negat ively-charged PI and PS .  The soy fractions 

were mainly PC and PE w ith s l ightly lower amounts o f  P I . Overall ,  the S igP3644 fraction 

had a h igher PC and lower PI  concentration than the U ltralec fraction. From Table 8- 1 ,  it 
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c an be seen that (compared w ith P A) P I  maintains a negative charge at all pH values, and PC 

is posit ively charged below pH 3 . 5  and neutral above that pH. The behaviour of  PS is more 

compl icated, with the molecule pos it ively charged at pH values below 4 and negat ively 

charged above 4. S imilarly, PE is posit ively charged below pH 3.5 and negat ively charged 

above 8 .  

Table 8-1 Phospholipid class of different fractions (% of total fraction). Results obtained through 

methods detailed in section 4.2.2. 
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Figure 8- 1 Relative charges of Phospholipids as function of pH (Avanti Polar Lipids, Alabama, USA) 
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F igure 8-2 shows that the measured zeta potential for the l iposome dispersions changed most 

rapidly at pH values less than 4 .  This fits wit h  the behaviour of the main phospho l ip ids 

present in t he fractions (PC, PE and PI) ,  which all demonstrate changes in charge around this 

pH .  I t  was expected that U ltralec liposomes would have the h ighest negative charge due to 

the high proportion of P I ,  but the measured zeta potentials indicated that the S igP3644 

fraction produced the most negatively charged l iposome d ispers ion. U ltralec and 

Phospho lac had a much h igher cation concentrat ion than the S igP3644 fraction, which may 

be responsible for neutralis ing some of the negative charges on the PI molecules. S imi larly, 

the Phospho lac fraction contained relat ively l ittle PI and also has a high cation concentration, 

which may help explain w hy it was the most posit ively charged of the three fract ions. 

However, the h igh proportion of protein present in the Phospholac and U ltralec fract ions 

(Table 8 -3 ) may have contributed to the zeta potential of l iposomes from these fractions 

be ing overall more positively charged than expected. 
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Figure 8-2 Zeta potential versus p H  curve for liposomes produced from Phospholac, SigP3644 and  
Ultralec 

The shapes o f  the S igP3644 and U ltralec curves showing the effect of pH on the ir zeta 

potential (Table 8-2) are very s imilar to the effect of pH on liposome size ( F igure 8-3 ) .  

Changes i n  partic le s ize are indicative of changes i n  l iposome stabil ity, reflecting 
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aggregation or coalescence. This s uggests that there may be a d irect relationship between 

the surface charge of the S igP3644 and U ltralec l iposomes and their stab i l ity. As the pH 

decreases, the surface charge decreases (zeta potential becomes less negat ive), and there is 

less e lectrostatic repulsion keep ing the individual l iposomes apart. The stabil ity of the 

Phospholac l iposomes does not appear to be as dependent on charge repuls ion, with the 

part icle s ize not changing s ignificantly between the pH values of 2 and 1 0, desp ite 

s ignificant changes in zeta potent ial. This implies the presence of an addit ional mechanism 

respons ible for stabil isat ion of Phospholac liposomes . 
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Figure 8-3 Effect of pH on the average hydrodynamic diameter of l iposome dispersions. 

Samples were measured 24 hours after pH adjustment. E ach point is the mean of three 

measurements with error bars ± l standard deviation. 

The most s ignificant d ifference between the phospholip id composit ions was the h igh level o f  

sphingomyel in i n  the P hospho lac fraction (approximately one third of  the polar lipid 

present) .  Sphingomyel in  has a more structured gel phase than phosphatidyl cho l ine, and 

sphingomyelin membranes seem to be more stable and have a lower permeabi l ity to 

hydrophil ic molecules than PC bi layers (New, 1 995c ) .  

Experiments comparing the stability  o f  the l iposome d ispersions found that the Phospholac 

fraction showed s ignificantly better stability during storage at between 4-3 5 oc. The 

Phospho lac dispersions were also more stable during a wide range of heat treatments . 

I ncrease s  in ionic concentration resulted in much more rapid aggregation and/or fusio n  
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among the S igP3644 and Ultralec liposomes than in the Phospho lac d ispersions, independent 

of  the natural mineral balance of the fraction .  These results all support the c laimed increase 

in stabi l ity due to the presence of  sph ingomyelin, and suggest that the h igh proportion of  

sphingomyelin in  the Phospholac fract ion may provide significant advantages in terms o f the 

resistance of the liposomes to environmental stresses. 

T here was no s ignificant difference in membrane permeabil ity between the Phospholac and 

U ltralec l iposomes at e ither 20 or 40 °C, although they both had a lower permeability  than 

the S igP3644 liposomes .  Perrett et  al. ( 1 99 1 )  found that liposomes formed from 

pro liposome mixtures containing charged l ipid were smaller than those formed fro m  neutral 

l ip ids , but had a higher entrapped volume. It was suggested that when charged l ipids are 

present there is a decrease in the number of  bilayers present in each l iposome,  possibly due 

to increased electrostat ic repuls ion  between bilayer surfaces .  The higher concentrat ion o f  

the negat ively-charged P I  i n  the Ultralec fraction may have contributed t o  its smaller average 

l iposome diameter as determined us ing PCS .  The U ltralec d ispersion also had a h igher 

entrapped volume than e ither the Phospholac or S igP3644 dispers ions. However, as 

discussed previously, the zeta potential o f  the S igP3644 dispers ion showed it was the most 

negat ively charged, with only a small difference between the Phospholac and U ltralec 

l iposome d ispersions ( F igure 8-2). In add it ion, the techniques used to measure lamel lar ity 

did not provide any s ignificant ev idence of any of the l iposome populations containing a 

higher proportion of mult ilamellar or mult ivesicular l iposomes than the other d ispersions .  

Therefore, although the PCS average s ize and the entrapped volume of the l iposome 

d ispersions fit with  the system outlined by Perrett et al. ( 1 99 1 ), the lamellarity  and zeta 

potential results suggest that the amount of charged l ipids present is not entirely respons ible 

for determining the average s ize and entrapped volume of a l iposome dispers ion. 

8. 2. 2 Fatty acid profile 

There were obvious differences in fatty acid composit ion between the dairy- and soy-derived 

phospho l ip id fractions .  As expected, the Phospholac fraction contained a much h igher 

proportion of saturated and mono-unsaturated fatty acids than the soy fractions, which were 

primarily polyunsaturated (F igure 8-4). 
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Figure 8-4 Fatty acid types present in the different phospholipid fractions 

Phospho lipids composed of saturated fatty acids have higher phase transition temperatures 

than the ir unsaturated counterparts. Membranes in the gel phase (below the phase transition 

temperature) tend to have reduced membrane permeabil ity and increased membrane stabi l ity 

when compared with membranes in the fluid state (above the phase transit ion temperature) .  

The phase trans ition temperature of the Phospho lac l iposome dispers ion was between 2 0  and 

3 5  oc ( F igure 5 - 1 4), while the two soy fractions produced liposome dispersions with phase 

transit ion temperatures below 0 oc. This means that at room temperature (20 °C) the 

Phospholac liposome membranes will be in the gel phase, and the S igP3644 and Ultralec 

membranes will be in the fluid phase .  

Small hydrophilic molecules such as water and sucrose were able to diffuse through 

S igP3644 membranes much more rapidly at 20 oc than through membranes composed of the 

Phospho lac fraction, but there was no s ignificant difference between the Phospholac and 

Ultralec dispersions at e ither 20 or 40 oc (Table 8-2) .  There was also no increase in 

permeability of the Phospho lac membrane at its phase trans ition temperature (28-30 °C) .  

These results suggest that membrane permeability is not simply a funct ion of the membrane 

state. It would also be expected that the increased  number of double-bond "kinks" in the 

poly-unsaturated fatty acids would result in a less densely-packed membrane, increas ing 

membrane permeabi l ity ( Monro ig et al. , 2003) .  However, while this may help explain the 

increased permeabil ity of the S igP3644 membrane there is no evidence of this influencing 

the permeability of the U ltralec dispersions. 
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Table 8-2 Effect of temperature on the membrane permeability of water 

Sample Mean permeability of water through the l iposome membrane (m/s) 

20 "C 28 "C 30 "C 40 "C 

Phospholac 1 . 6F06 
1 5F

06 l 4E.06 
1 2F06 

SigP3644 4. 7E"06 4 SE-06 

Ultra lee l 3 F06 l 1 E"06 

U nsaturated fatty acids are more prone to oxidation, damaging the lipid membrane and 

negat ively atiecting the overall stabi l ity of the liposome system. The low levels of 

polyunsaturated fatty acids in  the Phospholac fraction (Figure 8-4)  are reflected in the 

m inimal conjugated d iene formation during storage, with the generally saturated nature of  

the product l ikely to  be responsible for the only small increases i n  peroxide value. The 

s l ightly higher amounts o f  polyunsaturated fatty acids and the higher lipid concentration 

(Table 8-3 ) of the S igP3644 fraction may help explain the increased conjugated d iene 

formation and higher peroxide value compared with the U ltralec fraction. However, it seems 

unusual that the differences in rate of oxidation are quite large g iven the relative ly small 

d ifferences in composit ion. The rate of oxidat ion of the Ultralec fraction was actually c loser 

to that of the dairy phosphol ip id than it was to the other soy fraction. The rate of oxidat ion is 

also known to be affected by the presence of metal catalysts, but the S igP3644 fraction had 

the lowest ionic concentration of all three fractions used.  

T his suggests that while fatty acid compos it ion may affect the susceptibility to oxidation of  a 

l iposome d ispersion, the complicated nature of the l ipid oxidation process means that there 

are other factors which also contribute to the rate of oxidation within the system. One such 

factor may be the presence of any naturally occurring antioxidants in the phospholipid 

fr actions. Soy o il has bee n  reported to contain approximately 0 . 1 %  tocopherols ( Judde et al. , 

2003) ,  while animal products tend to have very l ittle natural ant ioxidant activity. It is 

possible that the additional purification steps undergone by the SigP3644 fraction may have 

removed a higher percentage of these naturally occurring antioxidants, but the level of  

antioxidants present i n  each of the fractions was not measured as part of this thesis . 
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8. 2. 3 Proximate analysis 

The proximate analys is results (Table 8-3) showed that there were s ignificant ditJerences 

between the three phospholipid fractions for most of the components measured. The 

variations in moisture and lipid content affect the amount of a particul ar fraction required to 

achieve the desired phosphol ipid concentration, but do not influence l iposome behaviour. 

The role of cholesterol in increas ing membrane stabi l ity and reducing membrane 

permeabil ity is well established, with addition rates of up to 1 :  l mol% being common. The 

very small amount of cholesterol present in the dairy phospho lipid fraction (0 .032%) would 

not have any s ignificant affect on the Phospholac l iposome properties .  

Table 8-3 Composition o f  phospholipid fractions 

Component Phospholac SigP3644 Ultralec 

Lipid (%) 53 .0  67 .7  6 1 . 1  

Cholesterol (%) 0 . 032 - -

Nitrogen: Phospholipid ratio 0 .033 0 .0 1 4  0 .023 

Moisture (%) 5 . 6  3 . 8  3 . 1 

Ash (%)  1 4 . 8  5 . 7  1 3 . 6  

- calcium (mg/ l OOg) 5 . 8  3 .6  200 

- magnesium (mgi l OOg) l. S  6.2 240 

- potassium (mg/ l OOg) 2060 4 1 5  1 7 1 0 

- sodium (mg/ 1 OOg) 8 1 0  <0.6 8 . 8  

The Phospholac and U ltralec fractions had a s ignificantly h igher nitrogen :phospholipid rat io 

than the S igP3644 fraction, indicating a h igher level of  protein in the Phospholac and 

U ltralec l iposome d ispers ions. The amphipathic nature of protein means the molecules are 

likely to become incorporated in the phospholipid membrane, with hydrophobic portions 

located in the interior of the bi layer and the hydrophilic portions in the aqueous phase e ither 

inside or outside the l iposome .  

S mall angle X-ray d iffraction found that at 2 0  oe, membranes composed of  the Phospholac 

and Ultralec fractions were 20% thicker than those made from SigP3644. The fact that this 

d ifference is occurring between the two soy fractions makes it unlikely that the membrane 

thickness is s imply a reflection of the fatty acid chain-length or the s ize o f  the p hosphol ipid 
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headgroup. An increase in membrane thickness might be caused by a reduction in the 

packing density of the p hospho lipid molecules, but there is no obvious reason why this 

would occur. An alternative possibil ity is that the protein present in the dispersion has e ither 

been incorporated into the membrane during l iposome formation or become adsorbed to the 

surface of the membrane post formation.  In bio logical systems, proteins rapidly adsorb to 

the l iposome membrane (Juliano and Meyer, 1 993 ; Keller, 200 1 ) .  Steric and charge 

repuls ion forces are l ikely to cause at least some part of the hydrophil ic portion of the 

proteins to extend out from the membrane surface, result ing in an apparent increase in the 

thickness of the membrane. 

If the increased membrane thickness was due to a reduction in packing density of the 

phospholipids, it would be expected that the permeabil ity of the membrane would also 

mcrease. However, the rate of d iffusion of water and sucrose through the liposome 

membranes was s ignificantly lower in the Phospholac and Ultralec l iposome d ispersions 

than in the S igP3644 samples.  Shi et al. ( 1 999) found that coating liposomes with  collagen 

or chitosan significantly decreased membrane permeabi l ity without affect ing membrane 

fluid ity. Although there is no l iterature regarding the use of  dairy or soy proteins in this 

s ituation, it appears logical that proteins from other sources would have s imilar effects. Thus 

the presence of proteins e ither or both within the hydrophobic interior of the membrane and 

as an addit ional barrier on the l iposome surface may be respons ib le tor the increased 

membrane thickness for the Phospholac and U ltralec dispersions, as well as their reduced 

membrane permeabil ity for small hydrophilic molecules. 

The Ultralec fraction had a high level of the d ivalent cations calcium and magnesium, the 

Phospho lac fraction contained high levels of the monovalent cations potass ium and sodium, 

and the S igP3644 fraction had rel atively low levels of all four cat ions. The stabi l ity  of  a 

l iposome d ispersion relies on  a number of  factors, o ne of the most important being charge 

repulsion. As d iscussed in section 8 .2 . 1 ,  the presence of negatively charged pho spho lipids 

can significantly improve l iposome stabil ity. However, the presence of posit ively charged 

ions can neutralise these phospholipids, reducing charge repuls ion  and increas ing the 

tendency of the liposomes to aggregate or coalesce .  All three fractions had a similar P E  

content (Table 4-4), but the U ltralec fraction had more than 2 0  times the level o f  Ca2+ and 

Mg2+ present in the Pho spho lac and S igma fract ions . While the significance of the etiect of 

the mineral balance on stabi l ity depends on how important charge repulsion is as a 
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stab ilis ing factor in a specific l iposome d ispersion, this naturally occurring combinat ion of 

high PE content and h igh d ivalent cation levels would suggest that the U ltralec fraction may 

be less stable than the other fractions. However, despite U ltralec's much higher d ivalent 

cat ion content, the stabi l ity of U ltralec dispersions as a function of pH ( Figure 8-3 ) does not 

appear to be s ignificantly d ifferent to S igP3644 d ispersions .  

F urther addit io n  of monovalent cat ions appeared to result in aggregation or  coalescence at 

lower concentrations in the U ltralec d ispersions than e ither the S igP3644 or  Phospholac 

d ispersions, but there was o nly a small d ifference in stabil ity between the Ultrale c  and 

S igP3644 dispersions upon add it ion  o f  divalent cations (Figure 8 -5 ) . Exchange of the 

natural ionic balance of each fraction through dialys is d id not significantly change these 

results, providing further evidence that the relative stab i l it ies of the dispers ions was not 

dependent on their ionic profile. 

2 5  

---e-- Phospho!ac 
· · I>  · Srg P3644 
--"'11 - U!tralec 

60 

- -<>' -

Phospho!ac 
SigP3644 
Ultralec 

0 0 0.2 0.4 0.6 0 8 1 0 1 2 1 4 1 6 0.0 0.5 1 0 1 . 5  2 0 
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Figure 8-5 Effect of increasing ionic concentration on the average diameter of li posome dispersions. 

8. 3 Further work 

8. 3. 1 Purification of phospholipid fraction 

2 5  

The heterogeneity of  the commercial phospholipid fractions provided some compl ic at ions in 

terms of  the techniques used and interpretation of  results . The presence of  a relat ively large 

amount of non-phospholipid material may also be a problem when considering possible 

pharmaceutical or cosmetic applications, where a prec ise ly characterised and very pure raw 
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material is required. Additional purificat ion of the dairy phospholipid fraction would allow a 

better understanding of the role o fthe phosphol ip id composit ion, without interference due to 

proteins, carbohydrates or h igh mineral levels . Although solvent extraction tends to be a less 

expens ive purificat ion  technique, res idual traces of organic solvents can create toxicity 

problems, especially if the product is to be used with h igh-risk groups, such as nutrit ion 

del ivery for premature infants .  An alternative i s  the use of supercritical fluid extraction, a 

relat ively new approach to phospholipid purification that avoids the need for organic 

solvents. 

8. 3. 2 Effect of protein on liposome properties 

The rapid permeation of small hydrophilic molecules through the liposome membrane was 

o ne of the major problems encountered during this work. One of the more surpris ing 

o utcomes has been the ident ification of the possible role of protein in increas ing membrane 

thickness and reducing membrane permeab ility. C larification of whether these observations 

are indeed related to the presence of protein may be obtained through the inclusion of  a 

protease, which would break up the protein molecules w ithout interfering with the 

phospho lipid component of the system. I f  this step was carried out prior to the 

M icro fluidization process, the result ing l iposomes could be characterised in terms of 

membrane thickness  and permeabi l ity, and compared with l iposomes produced with intact 

proteins . I f  it is found that the proteins naturally present in the commercial fractions are 

affect ing the thickness and permeabi l ity of the liposome membrane, it raises the possibi l ity  

that the addition of  more protein may help reduce permeabi l ity further. Collagen has been 

s uccessfully used for this in the past, but to date there does not appear to be any work 

involv ing the effect of  the addit ion of case in befo re and/or after liposome formation on the 

I iposome properties .  

8. 3. 3 Reduction of membrane permeability through addition of hydrophobic molecules 

I t  is well established that the inclusion  of  sterols (usual ly cholesterol) in l iposome 

membranes increases their stabi l ity and reduces their permeabil ity, but the addit ion of  

chole sterol to  food systems i s  unattractive from a consumer perspective . Plant sterols, on  the 
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other hand, have been shown to help reduce serum cholesterol, and are being included in a 

variety of  food products as a functional addit ive. I t  appears logical to assume that p lant 

sterols would cause s imi lar structural changes to the l iposome membrane as cholesterol, but 

further investigat ion would be needed to prove this . T he use of a-tocopherol to increase 

membrane stabi l ity and reduce permeabil ity is also well-reported (Dip lock et al. , 1 977) ,  and 

incorporation of the antioxidant within a l iposome membrane has been shown in increase its 

antioxidant effect (Ruben and Larsson, 1 984) . Entrapment of significant levels of the 

hydrophobic plant sterols or a-tocopherol without the use of organic so lvents may also 

require some method development or alterat ion. The development of a technique that allows 

h igh levels of hydrophobic entrapment using only food-grade solvents would be useful not 

only for the incorporation of plant sterols and a-tocopherol, but for hydrophobic actives in 

general. 

8. 3. 4 Hydrophilic entrapment 

I f  a combinat ion of sterols and prote ins are able to sufficiently reduce membrane 

permeabil ity to allow the encapsulat ion and retention of very small hydrophi l ic molecules 

s uch as ascorbic acid there are many potential applicat ions in the food industry. However, in 

the meantime, hydrophilic entrapment is l ikely to be more successfu l  w ith larger hydrophilic 

molecules which wil l  take longer to diffuse through the liposome membrane. The use of a 

large hydrophi l ic coloured compound (such as a dye) would provide s imilar advantages as 

were seen with  �-carotene in terms of be ing able to visually fol low the presence of the dye . 

Regardless o f  what sort of hydrophilic molecules were entrapped, once a suitable method 

was ident ified or developed to allow the separation of unentrapped material without loss of 

entrapped molecules it would be interest ing to investigate the effect of t ime, temperature, 

pH,  ionic concentrat ion  and the presence of sterols and/or proteins on the release o f  

entrapped compounds . 

8. 3. 5 Procedures for achieving long-term stability 

Long-term stabil ity of the l iposomes is important if they are to be included in food systems 

w ith extended shelf- life, or to allow the l iposome to be produced in advance and stored until 
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addit ion to the food systems. Freezing, freeze-drying and spray-drying are the obvious 

means to extend shelf life, with  some promising initial results for the freezing of liposome 

d ispersio ns u s ing sucrose or g lucose . Recent reports have suggested that the sugar 

concentration has to be approximately twice the highest level used  during this study, so 

further trials at h igher concentrations would be required to test the feas ibi l ity of these 

techniques for extending the shelf- l ife ofthe Iiposome dispersions. 

8. 3. 6 Stability of liposomes upon consumption 

As well as protecting compounds during storage and process ing, liposomes may also protect 

them during digestion and improve the bioavai labil ity of the actives. I nvestigat ions looking 

at the l iposome stabi l ity in the d igestive tract through the use of in vitro s imulat ions would 

provide an init ial indication of whether the spec ific l iposome d ispersions could survive the 

passage through the digestive tract intact. I f  so, bioavailabi l ity studies may be undertaken to 

determine whether there is any noticeable increase in the uptake of the act ives due to their 

encapsulation within l iposomes. 
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8. 4 Concluding remarks 

The research in this thesis has shown that the commercial phospholipid fract ions obtained 

from buttermilk may successful ly be used to produce l iposomes.  The use of a 

Microfluid izer R al lowed l iposomes to be manufactured without the use o f  solvents or 

detergents, and is able to be easily scaled-up for industrial applicat ion. 

The l iposomes produced from the dairy-derived p hospho lipid fraction showed considerable 

advantages in stabi l ity over those produced from soy phospholipids. They were able to 

withstand more severe processing treatments, were stable for longer periods at higher storage 

temperatures, and were less affected by increases in ionic concentrat ion. I t  is thought that 

these observations are due to the high sphingomyel in concentration and more saturated fatty­

acid profile of the dairy-derived fraction .  

To produce liposome d ispersio ns suitable for the encapsulation of hydrophilic material, 

further work must be completed to reduce the membrane permeability .  However, the 

improved stabil ity over a w ide range of condit ions suggests that there may be significant 

advantages to using dairy-derived phospho lip ids for the production o f  liposomes for use in 

food products .  
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