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Abstract

This thesis describes the development of a protocol for the production of small 

liposomes using freeze-thaw extrusion technology and investigations into the 

interaction of liposomes with poloxamers. Laser diffraction particle size analysis 

showed that the median diameter of freeze-thawed egg phosphatidylcholine 

multiiameilar vesicles (EPC MLVs) was dependent on their initial diameter and 

cholesterol content. Dispersion in sodium chloride solutions promoted size increases 

following freeze-thawing, suggesting that vesicles had aggregated or fused. Addition 

of poloxamers inhibited size changes, suggesting that poloxamers sterically stabilized 

these formulations. Ten extrusion passes through two 100 nm pore filters efficiently 

reduced the diameter of EPC MLVs, measured using photon correlation spectroscopy 

(PCS), producing relatively monodisperse populations of small liposomes. Freeze- 

fracture electron microscopy indicated that vesicles were generally unilamellar. Size 

reduction of liposomes was not significantly affected by lipid concentration or 

cholesterol content.

Differences in the micellization behaviour of poloxamers P338 and P407 obtained from 

different manufacturers were established using high sensitivity differential scanning 

calorimetry (HSDSC). Gel permeation chromatography revealed differences in the 

molecular weight profiles of these samples. PCS, DSC and a quantitative colourimetric 

assay indicated that the interaction between poloxamers and liposomes was dependent 

on incubation temperature in addition to poioxamer concentration. Maximum increases 

in the diameter of small EPC liposomes occurred at temperatures close to poioxamer 

critical micelle temperatures. DSC investigations indicated that poloxamers interacted 

with the phospholipid bilayers of dimyristoylphosphatidylcholine MLVs in the L„ and Pp. 

states, but not with those in the Lp. state. This suggests that the rigid, close-packed 

bilayer structure inhibited the interaction, possibly by hindering penetration of 

poioxamer into the hydrophobic region of the bilayer. Inclusion of poioxamer at the 

hydration stage of liposome production or exposure to five freeze-thaw cycles improved 

the interaction between poloxamers and bilayers and therefore could potentially be 

used to ‘load’ poloxamers into the bilayers of solid-state liposomes and to maximize the 

liposome-poloxamer interaction.



Abbreviations

AG Gibbs free energy

AH enthalpy

AS entropy

AT% half-height width

n viscosity

chol cholesterol

CMC critical micelle concentration

CMT critical micelle temperature

d equivalent diffusional spherical diameter

D diffusion coefficient

D(v, 0.1) diameter below which 10% of the volume of

D(v, 0.5) volume median diameter

D(v, 0.9) diameter below which 90% of the volume of

DAPC diarachidylphosphatidylcholine

DBPC dibehenylphosphatidylcholine

DLPC dilaurylphosphatidylcholine

DLS dynamic light scattering

DMPC dimyristoylphosphatidylcholine

DOPC dioleoylphosphatidylcholine

DPPA dipalmitoylphosphatidic acid

DPPC dipalmitoylphosphatidylcholine

DPPG dipalmitoylphosphatidylglycerol

DPPS dipalmitoylphosphatidylserine

DRV dehydration-rehydration vesicle

□SPC distearoylphosphatidylcholine

DSC differential scanning calorimetry

DTA differential thermal analysis

E eutectic temperature

EPC egg phosphatidylcholine

ESR electron spin resonance (spectroscopy)



FT freeze-thawed

monosialoganglioside 

GPC gel permeation chromatography

HDL high density lipoprotein

HHW half-height width

HSDSC high sensitivity differential scanning calorimetry

k Boltzmann constant

L„ liquid-crystalline state

Lp. gel state

Lc sub-gel state

LUV large unilamellar vesicle

MLV multiiameilar vesicle

MRS mononuclear phagocytic system

NMR nuclear magnetic resonance (spectroscopy)

Pp. ‘rippled’ gel state

PA phosphatidic acid

PC phosphatidylcholine

PCS photon correlation spectroscopy

PE phosphatidylethanolamine

PEG polyethylene glycol

PG phosphatidylglycerol

PI phosphatidylinositol

POE polyoxyethylene

POP polyoxypropylene

PS phosphatidylserine

P((̂ ) frequency spectrum

q scattering vector

GELS quasi-elastic light scattering

R coefficient of regression

s.d. standard deviation

SUV small unilamellar vesicle

I  temperature



Ty, temperature at phase transition midpoint

Tg main phospholipid phase transition temperature

Tl transition end temperature

peak temperature of main phospholipid phase transition 

peak temperature of phase transition 

Tq transition onset temperature

UV ultraviolet

Va attractive energy

VMD volume median diameter

Vr electrostatic repulsive energy

Vtotai net energy (attractive + repulsive)
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1.1 Liposomes and their application in drug delivery

Liposomes are microscopic vesicles composed of concentric phospholipid bilayers 

which enclose aqueous phases to form a closed structure. The most common naturally 

occurring phospholipids are phosphatidylcholines (also known as ‘lecithins’). They are 

amphiphilic molecules comprising a hydrophilic polar head group linked to two 

hydrophobic hydrocarbon chains by a glycerol bridge. Liposomes may be formed when 

an aqueous medium is added to a dried phospholipid film. Bilayers are formed on 

hydration since energetic demands force the phospholipid molecules to arrange 

themselves so that the polar heads orientate towards the aqueous phase and thus 

minimize contact between water and the hydrophobic hydrocarbon chains. The 

thickness of a phospholipid bilayer is approximately 4 nm (Lasic, 1993a). The system 

will exist as a colloidal dispersion in an aqueous environment with vesicles ranging in 

diameter from approximately 20 nm to tens of micrometres. Phosphatidylcholines are 

easily extracted from egg yolk or soya bean, and less easily from bovine heart and 

spinal cord. A range of synthetic phospholipids, chosen for their improved chemical 

properties, have also been used to manufacture liposomes (see section 1.2.2.1). 

Liposomes having two or more phospholipid bilayers enveloping discrete aqueous 

phases are called multilamellar vesicles (MLVs), whilst those having a single 

phospholipid bilayer surrounding an aqueous compartment are known as unilamellar 

vesicles. Figure 1.1 gives a schematic representation of a unilamellar vesicle.

Phospholipid bilayers are similar in structure to naturally occurring cell membranes. The 

closed structure of liposomes makes them suitable for use as a drug carrier, and the 

amphipathic structure of phospholipid molecules means that a wide range of drugs may 

potentially be encapsulated. In general terms, hydrophobic drugs may be solubilized 

in the phospholipid bilayers (depending on steric considerations) and hydrophilic drugs 

are physically entrapped in the aqueous compartments. In addition, hydrophilic 

materials may physically or chemically interact with polar head groups of the 

phospholipid bilayer. Amphiphilic molecules may partition between the hydrophobic and 

hydrophilic regions of the vesicle. Entrapment of drugs in liposomes is discussed in 

section 1.2.5.
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Figure 1.1 Schematic representation of a unilamellar vesicle
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Liposome formulations have been investigated for drug delivery via a number of routes, 

including intraperitoneal (Hirano et al, 1985), ocular (Stratford et al, 1983), oral (Patel 

and Ryman, 1976; Alpar et al, 1992), nasal (Alpar et al, 1992), pulmonary (McCullough 

and Juliano, 1979) and topical (Sharma et al, 1994). However, at present the 

intravenous route remains the most widely studied area. Following intravenous 

injection, liposomes are taken up by organs of the mononuclear phagocytic system 

(MRS) (see section 1.5). This provides a possible opportunity for site specific drug 

delivery to these tissues since treatment of diseases of the liver and immune system 

would benefit from a formulation that delivers preferentially to the MRS. However, the 

MRS presents an obstacle to drug delivery if a site other than the immune system is the 

target for therapy with liposomal formulations. Formulations are being developed with 

the aim of evading phagocytosis and subsequent MRS uptake, as well as improving 

delivery to sites of action (section 1.5). Toxic effects of drugs may be reduced by 

encapsulation in liposomes due to a reduction in the quantity of free circulating drug in 

the bloodstream. In addition, lower doses may be administered if successful targeting 

can been achieved. For instance, the cytotoxic agent doxorubicin has a wide spectrum 

of antineoplastic activity, sensitive tumours include acute leukaemia, prostate cancer, 

breast cancer and Hodgkins disease (British National Formulary, 1997). Like other 

antineoplastic drugs doxorubicin is extremely toxic with adverse effects including
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cardiomyopathy, myelosuppression, alopecia, nausea and vomiting. Delivery via a 

liposomal formulation (Caelyx®, Schering-Plough, UK) has lead to lower systemic and 

cardiotoxicity, increased therapeutic index and increased antitumour activity per mass 

of the dose (Herman et al, 1983; Wu et al, 1993).

1.2 Structure and properties of liposomes

1.2.1 Physical structure of phospholipids

Due to their amphiphilic nature, phospholipid molecules form aggregates in aqueous 

conditions, the arrangement of which are dependent on the structure of the constituent 

phospholipid molecule. Phosphatidylcholines are double chained phospholipids and 

tend to be cylindrical in shape. They are commonly used to manufacture liposomes 

since, on hydration, they pack into lamellar structures such as bilayers. The traditional 

method of producing liposomes involves evaporation of an organic solution containing 

phospholipid in a round bottomed flask to leave a thin phospholipid film. The film is 

hydrated and incubated at a temperature above the main phospholipid phase transition 

temperature (TJ and the mixture agitated to produce liposomes (Bangham et al, 1965). 

The polar head of single chain phospholipids is relatively large when compared with the 

hydrophobic part of the molecule, so the molecules pack into spherical micelles in an 

aqueous environment (Gruner et al, 1985a). Lysolipids (eg. lysophosphatidylcholine) 

are single chain phospholipids. They are generally degradation products of diacyl lipids 

and their formation may cause bilayer instability (see section 1.2.6).

1.2.2 Chemical structure of phospholipids

The chemical structure of the phospholipid molecule influences many physical 

properties of liposomes. Parameters such as permeability, stability, ordering of 

hydrocarbon chains and phase behaviour depend on the length and degree of 

saturation of the fatty acid chains and the nature of the polar head groups. For
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example, the gel to liquid-crystalline phase transition (discussed in section 1.3), in 

which the molecules convert from a relatively ordered ‘gel’ state to a more fluid ‘liquid- 

crystalline’ state, is dependent on the structure of the component phospholipid 

molecule.

Phospholipids are classified according to the backbone and the polar head group, for 

example, phosphatidylcholines are glycerophospholipids. The polar head group of 

phosphatidylcholines consists of a zwitterionic quaternary ammonium group covalently 

bonded to phosphoric acid. The phosphoric acid is esterified to one of the hydroxyl 

groups of a glycerol backbone, with the other two hydroxyl groups esterified to the fatty 

acid chains. Therefore glycerol is the link group between the polar head and 

hydrocarbon tails. By convention the fatty acid chains occupy the 1 and 2 positions of 

the glycerol bridge while the polar headgroup occupies position 3 (figure 1.2).

Figure 1.2 Chemical structure of a phospholipid

R1O-CH2
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Fatty acid chains: Ri, R2 = CO-R

Esterified group:

For phosphatidylcholine, R3 = CH2CH2NXCH3)g

Ri and R2 are fatty acid chains whose length may range from 8  to 24 carbon atoms. 

They can be fully saturated or unsaturated with 1 to 6  double bonds. In natural 

phosphatidylcholines approximately half of the fatty acids (RJ are saturated. Using
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standard nomenclature, these groups are predominately 16:0 at the sn-1 position (ie. 

predominately sixteen carbon atoms in length bonded at position one on the glycerol 

backbone, fully saturated with no double bonds). Two examples of saturated fatty acids 

are palmitic acid, (Cieo) = 16 carbon atoms, no double bonds: CH3(CH2)i4COOH and 

stearic acid (Ĉ go): CHg(CH2)i6C0 0 H. In naturally occurring phosphatidylcholines, R2 

groups are predominately oleyl chains ie. eighteen carbon atoms with one double 

carbon bond at position eight or nine on the hydrocarbon chain (Lasic, 1993a). Two 

examples of unsaturated fatty acids are:

Oleic acid, CH3(CH2)7CH=CH(CH2)7COOH

and Lineoleic acid, (C^gJ: CH3(CH2)4CH=CHCH2CH=CH(CH2)7COOH.

Saturated fatty acid chains may exhibit a relatively large number of conformations when 

in a fully mobile state because each single bond has complete freedom of rotation. In 

a phospholipid bilayer the movement of the carboxyl groups nearest the glycerol 

backbone is severely limited since the glycerol moiety is the region of the bilayer that 

displays the greatest rigidity (Jain and Wu, 1977). Movement is limited up to 

approximately the ninth carbon atom of the hydrocarbon chain, after which freedom of 

movement becomes progressively less restricted towards the terminal end of the chain. 

The fully extended chain (trans formation) is the most likely configuration since it 

possesses minimal energy. Double bonds are non-rotating, so unsaturated fatty acids 

will have one or more rigid kinks. A cis double bond produces a bend of nearly 30° 

whereas a trans double bonds resembles the extended form of saturated fatty acids 

although it is rarely found in naturally occurring fatty acids (Lasic, 1993a).

Although phosphatidylcholines are the most abundant natural phospholipids, naturally 

occurring phospholipids with other head groups are also found. Some examples are 

given in table 1.1. The conformation of the head group is determined by its zwitterionic 

character and by steric restrictions (Hauser et al, 1981). For example, the head group 

of phosphatidylethanolamine forms a compact lattice due to strong electrostatic forces 

and hydrogen bonding between the ammonium nitrogen and the oxygen molecules of 

the phosphate group. The head group occupies an equal space to that of the 

hydrocarbon chains (3.5-4.2 nm̂ ) causing the hydrocarbon chains to orientate at a right
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angle to the plane of the bilayer (Hauser et al, 1981). Conversely, the hydrocarbon 

chains of phosphatidylcholine are tilted in respect to the plane of the bilayer at 

temperatures below the gel to liquid-crystalline phase transition (T j (see section 1.3). 

This is because the choline head group is relatively bulky (4.2 nm )̂ compared to the 

hydrocarbon chains (3.9 nm̂ ), due to the three methyl groups attached to its quaternary 

nitrogen. Therefore the chains tilt to fill the space created by the headgroups and bring 

adjacent molecules into closer proximity (Tardieu et al, 1973), maximizing van der 

Waals forces and other non-covalent interactions. The bulky head group prevents the 

formation of a compact lattice by inhibiting close contact between the ammonium 

nitrogen and the oxygen molecules of the phosphate group, therefore allowing 

incorporation of water molecules into the head group lattice. This permits greater 

flexibility of the bilayers and preserves the bilayer structure following the hydrocarbon 

chain melt at T̂ ,. Phosphatidylethanolamine bilayers show a tendency to convert to 

inverted micelles (known as the H„ phase) as the temperature is raised above T̂  since 

expansion of the hydrocarbon chain matrix above the chain melting point produces 

liquid crystalline phases with a negative surface curvature (Hauser et al, 1981; Gruner 

et al, 1985a). In the H„ phase the molecules form long tubes with a water core that 

stack in a two-dimensional lattice.

Table 1.1 Examples of other phosphatidyl polar heads

Name (abbreviation) Esterified group * Charge

Phosphatidic acid (PA) R3 = -OH negative

Phosphatidylethanolamine (PE) R3 =-CH2CH2NH3^ zwitterionic

Phosphatidylserine (PS) R3 =-CH2CHNH3+C0 Q- negative

Phosphatidylglycerol (PG) R3 =-CH2CH0 HCH2 0 H negative

Phosphatidylinositol (PI) R3 =-HC6H5(0 H)5 negative

( * refer to figure 1 .2  for general phospholipid structure)
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1.2.2.1 Synthetic phospholipids

Synthetic phospholipids such as dimyristoylphosphatidylcholine (DMPC) and 

dipalmitoylphosphatidylcholine (DPPC) are widely used in liposome research as their 

phase behaviour and thermodynamic parameters are much more clearly defined than 

natural phospholipids such as egg phosphatidylcholine (EPC). The chemical structures 

of DMPC (C14) and DPPC (Ĉ e) are shown in figure 1.3. Most synthetic phospholipids 

are actually semisynthetically produced molecules. They consist of naturally occurring 

polar heads with well defined hydrocarbon tails, produced by complete organic 

synthesis or by de- or re-acylation of natural lipids (Lasic, 1993a).

Figure 1.3 Chemical structure of DMPC and DPPC molecules
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1.2.3 Liposome formation

The formation of liposomes is driven by thermodynamic considerations. Hydration of 

phospholipid molecules causes them to aggregate, to maximize hydrophilic interactions 

and reduce hydrophobic interactions and thus reduce the free energy, AG, associated 

with the system. AG is further reduced by attractive van der Waals forces between the 

fatty acid chains and by hydration of the polar head groups. The formation of
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multilamellar vesicles produced by the film hydration method is thought to relate to the 

growth of tubular fibrils known as myelin figures. These fibrils can quickly elongate and 

have been studied in high concentrations of lipid but are not specifically related to MLV 

formation although the main of liposomes corresponds to the lowest temperature at 

which myelin tube formation is observed (Ladbrooke et al, 1968).

Lasic (1988) proposed a theory to explain the mechanism of MLV formation based on 

findings from phase contrast microscopy studies. He proposed that on hydration of a 

phospholipid film, the outer monolayer hydrates more than the inner ones. On 

hydration, the polar heads of the outer monolayer increase in surface area. This causes 

the outer monolayer to swell and form blisters (Saupe, 1977). Water may penetrate 

through these blisters as well as penetrating in between the bilayers. The exothermic 

hydration reaction reduces AG and causes the system to increase its specific surface 

area. Bilayers grow from blisters into tubular fibrils, greatly increasing the contact area 

with water. Bilayer fragments will have a hydrophobic edge exposed to the aqueous 

environment. This is thermodynamically unfavourable and forces the bilayers to curve 

and the edges to seal to form liposomes (Lasic, 1988). During this process, the bilayers 

stabilize and reach an equilibrium distance where attractive van der Waals and 

repulsive hydration and steric forces are balanced (figure 1.4) (Lasic, 1988).

Figure 1.4 Schematic representation of a possible mechanism for formation of 

MLVs by hydration of a dry phospholipid film (adapted from Lasic, 1988)
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1.2.4 Classification of liposomes

The term MLV is used to describe liposomes having two or more phospholipid bilayers 

(up to approximately 10 or 12 bilayers). They range in diameter from approximately 100 

nm to as large as 20 pm or more. MLVs with a small number of bilayers are sometimes 

termed oligolamellar vesicles. The size distribution of vesicles will be large if little 

energy is put into the system during hydration. However a much less heterogeneous 

population will be produced if, for example, the system is vigorously agitated for ten 

minutes (Lasic, 1988). Consequently standardised production methods should be 

followed to produce vesicles with reproducible size distributions. MLVs prepared by 

mechanical mixing are moderately efficient at trapping aqueous solutes and are 

relatively stable. Ideal aqueous solutes are trapped with an efficiency (trapping 

efficiency) of 1 .0 -8 .5% depending on the volume of the entrapped aqueous phase 

usually 1-30 pi / pmol lipid (Mayer et al, 1986a).

Unilamellar liposomes may be sub-classed as small unilamellar vesicles (<100 nm in 

diameter) (SUVs) and large unilamellar vesicles (100 nm or greater) (LUVs). Both 

SUVs and LUVs require a greater input of energy into their formation than MLVs. SUVs 

may be prepared by sonication of MLVs or rapid infusion of an ethanolic solution of lipid 

into an aqueous medium (Batzri and Korn, 1973). This forms liposomes of limited size, 

ie. the smallest possible diameter at which the liposome may exist with view to steric 

considerations. This is generally in the region of 25 nm and therefore SUVs are not 

efficient at entrapping aqueous solutes. SUVs have a trapping efficiency of 1 % or less 

due to a low trapped volume (0.2-0.8 pi / pmol lipid) (Mayer et al, 1986a). The limit size 

varies depending on the structure of the phospholipid molecule and the ionic strength 

of the aqueous medium. SUVs are thermodynamically unstable due to the strain placed 

upon the bilayer by the small radius of curvature and packing constraints. In addition, 

there is a higher percentage of phospholipid in the outer monolayer than the inner 

monolayer due to the low radius of curvature. SUVs may convert to larger vesicles by 

a process in which lipid is exchanged between separate bilayers (lipid exchange). This 

occurs most readily near the T̂  (Martin and MacDonald, 1976).
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LUVs are single bilayer vesicles with a diameter greater than the limit size (generally 

100-200 nm). They are more efficient at entrapping aqueous solutes than SUVs and 

MLVs with trapping efficiencies of 2 to 60% depending on the trapped volume (1-30 pi 

/ pmol lipid), which itself depends on the method of preparation (Mayer et al, 1986a). 

Methods of preparation include ether injection, detergent removal, reverse phase 

evaporation and high pressure extrusion of MLVs. In the ether injection method, 

solutions of phospholipid dissolved in ether are injected into a hot (55-65°C) aqueous 

medium to form large planar bilayer sheets that fold in on themselves to form LUVs 

with diameters of approximately 100-200 nm (Deamer and Bangham, 1976). Dialysis 

of detergents from dispersions of phospholipid-detergent may be used to produce 

LUVs, but the method has the disadvantage that complete removal of residual solvents 

may prove difficult (Hargraves and Deamer, 1978). The reverse phase evaporation 

method produces a water-in-oil emulsion from which the organic phase is evaporated 

to form a gel of aqueous vesicles surrounded by a single phospholipid monolayer. On 

agitation the gel ruptures releasing a large proportion of LUVs and some oligolamellar 

vesicles (Szoka and Papahadjopolous, 1978).

Preparation of LUVs by extrusion of MLVs is a relatively fast procedure and has 

advantages over other techniques due to its relative simplicity and avoidance of the use 

of organic solvents and detergents. Bilayers are squeezed off during high pressure 

extrusion through polycarbonate filters and subsequently reseal to form smaller 

liposomes (Olsen et al, 1979). The diameter and lamellarity of extruded vesicles 

depends on the pore size of the filter and the number of times the extrusion procedure 

is repeated. Filters with smaller pore sizes will produce smaller vesicles with a fewer 

number of bilayers, and multiple extrusion passes will result in a more homogeneous 

size distribution.

It has been reported that LUVs are particularly appropriate vesicles for targeted drug 

delivery. For instance, 100 nm LUVs appear to have the optimum diameter for delivery 

of medicaments to cells in vitro (Heath et al, 1985) and small vesicles (of 100 nm 

diameter or less) with a rigid bilayer have longer circulating half-lives in vivo than larger 

vesicles (Gabizon and Papahadjopoulos, 1988; Lasic et al, 1991).
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1.2.5 Methods of improving entrapment in liposomes

Successful encapsulation of materials depends on both the nature of the extraneous 

molecule, and the method of encapsulation (drug trapping). Drug trapping techniques 

may be passive or active. Passive trapping techniques are generally used to 

encapsulate hydrophilic molecules and rely on the ability of a liposome to capture a 

certain aqueous volume. Active trapping utilizes the interaction of the liposome with 

hydrophobic or amphiphilic and ionizable drugs.

1.2.5.1 Encapsulation of hydrophilic materials

Many hydrophilic drugs have been encapsulated within liposomes, for example, 

penicillin (Gregoriadis, 1973), hydroxycobalamin (Alpar et al, 1981), chloramphenicol 

(Gruner et al, 1985b) and sodium cromoglycate (Taylor et al, 1990). Passive 

encapsulation of hydrophilic drugs takes place during liposome formation, with the 

trapping efficiency increasing as the phospholipid concentration and trapped aqueous 

volume of the liposome system are increased (Mayer et al, 1986a). Since maximum 

entrapment of drug is desirable, methods have been developed to optimize liposome 

encapsulation efficiency. Formation of MLVs by mechanical dispersion of a dry lipid film 

in an aqueous system does not result in equilibrium distributions of solute (Gruner et 

al, 1985b). Repeated freeze-thawing of MLVs can give trapping efficiencies as high as 

8 8 % with high concentrations of lipid, by breaking apart closely stacked lamellae and 

generating equilibrium solute distributions (Mayer et al, 1985) (see section 1.4.4).

Trapping efficiencies as high as 50% have been obtained using dehydration- 

rehydration technology (Kirby and Gregoriadis, 1984). Dehydration-rehydration vesicles 

(DRVs) are prepared by freeze-drying a dispersion of SUVs and a drug to be 

encapsulated. The dispersion is subsequently rehydrated in a controlled manner. The 

SUVs fuse during the process, encapsulating the drug solution to form oligolamellar 

vesicles and MLVs with diameters of between 300 nm and 2 pm (Kirby and 

Gregoriadis, 1984).
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The reverse phase evaporation method developed by Szoka and Papahadjopolous 

(1978) produces a mixture of LUVs and oligolamellar vesicles with diameters of 

between 200 nm and 1.0 pm and a trapping efficiency of 28-45% for aqueous solutes. 

LUVs prepared by extrusion of MLVs that have previously been subjected to repetitive 

cycles of freezing and thawing present an appreciable increase in trapped volume of 

solute and trapping efficiency (Hope et al, 1985; Mayer et al, 1985). Freeze-thawed 

extruded vesicles with diameters of approximately 1 0 0  nm may have trapping 

efficiencies of up to 56% depending on the phospholipid concentration (Hope et al, 

1985; Mayer et al, 1986b). Although the trapped volume of SUVs remains low, trapping 

efficiency may be improved by production methods such as extrusion through the 

French press cell (Barenholz et al, 1979). Aqueous solute trapping efficiencies of 5- 

25% have been achieved using the French-press system (Mayer et al, 1986a).

1.2.5.2 Encapsulation of hydrophobic and amphiphilic materials

Hydrophobic molecules may be incorporated in an appropriate organic solution of 

phospholipid before liposome manufacture. The amount of hydrophobic drug that can 

be incorporated will depend on the packing restrictions of the bilayer and the affinity of 

the drug for the phospholipid bilayer. Encapsulation at temperatures above T̂  is 

preferable since the hydrocarbon chains are less rigid and may accommodate 

extraneous molecules with more ease (Stamp and Juliano, 1979). Examples of 

hydrophobic drugs that have been encapsulated into liposomes include actinomycin 

D (Gregoriadis, 1973; Stamp and Juliano, 1979); anti-inflammatory steroids 

(Arrowsmith et al, 1983), atropine (Meisner et al, 1989) and amphotericin B (Paul et al, 

1997).

A large number of drug molecules are amphiphilic, for example, lignocaine (Sharma et 

al, 1994) and antineoplastic agents such as doxorubicin and vinblastin (Mayer et al, 

1985). However, retention of amphiphilic molecules within liposome formulations can 

be difficult since they may rapidly permeate through bilayers. The remote loading 

method uses gradients to load amphiphilic drugs into preformed liposomes. A pH

37



gradient may be used to load weakly acidic or basic drugs. The neutral form of the drug 

diffuses to the interior of the liposome across the phospholipid bilayer in response to 

a proton gradient. The solute acquires a charge inside the liposome and the protonated 

form of the drug is trapped on the interior of the vesicle (Mayer et al, 1992). The system 

has been used to encapsulate amine drugs such as doxorubicin and vincristine (Mayer 

et al, 1992). Similarly ion gradients have been employed in the encapsulation of 

amphiphilic cations, although the pH gradient method is of more practical use since the 

ion gradient method relies on the use of exogenous ionophores (Mayer et al, 1986a).

1.2.6 Stability of liposomes

1.2.6.1 Chemical stability of liposomes

From a pharmaceutical point of view, drugs and dosage forms must be sufficiently 

stable to be stored for at least a year and preferably longer. Stability of liposome 

preparations destined for use in drug delivery is of importance since degradation will 

change the physical nature of the bilayer and subsequently cause the encapsulated 

drug to leak from the liposome. Both physical and chemical stability are of importance.

Chemical stability of phospholipids mainly concerns hydrolysis of ester bonds and 

oxidation of unsaturated hydrocarbon chains. Storage conditions should be regulated 

to ensure that environmental factors do not promote degradation of phospholipids. 

Storage at low temperature in the absence of oxygen and light will protect liposomes 

from oxidation. Use of phospholipids with saturated hydrocarbon chains or inclusion of 

antioxidants such as a-tocopherol will minimize oxidation.

Protective buffers such as HERES or Tris are used to protect liposomes against 

peroxidation. They inhibit oxidation of hydrocarbon chains by competing with 

unsaturated fatty acid residues for -OH radicals (Fiorentini et al, 1989). Although they 

do not provide total protection against peroxidation, they are less likely to interfere with 

the experimental system than antioxidants (Fiorentini et al, 1989).
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In aqueous dispersions both saturated and unsaturated phosphatidylcholines may be 

hydrolysed to lysophosphatidylcholines and fatty acids. Lysophosphatidylcholine is 

formed by the hydrolysis of the ester bond at the second carbon in the glycerol moiety 

of phosphatidylcholine (Frokjaer et al, 1984). Elevated concentrations of 

lysophosphatidylcholines destabilize phospholipid bilayers (and could potentially 

destabilize cell membranes) with a subsequent leakage of aqueous solutes because 

they form micellar structures rather than bilayers when dispersed in water (Grit and 

Crommelin, 1993). In addition, incorporation of fatty acids into liposomal bilayers 

increases the tendency of liposomes to aggregate (Kremer and Wiersema, 1977). 

Acidic or basic conditions promote hydrolysis of phospholipids. Storage at near neutral 

pH where phospholipids are most stable (pH 6.5), will protect liposomes against 

hydrolysis (Grit et al, 1993). Hydrolysis can also be minimized by complete removal of 

organic solvents from dried lipid films during preparation of liposomes (New, 1990). 

Hydrolysis can be prevented by removal of water, by freeze drying, although this may 

cause destabilisation of membranes and leakage of liposome contents. 

Cryoprotectants are added to formulations to protect against such damage (the use of 

cryoprotectants is discussed in section 1.4.5).

1.2.6.2 Aggregation and fusion of liposomes

Close approach between liposome membranes can lead to aggregation and possible 

fusion. In suspension, the physical interactions of liposomes are typical of colloidal 

particles. Numerous encounters between particles in a dispersion are likely due to 

Brownian movement, sedimentation and convection. Sedimentation can be reduced 

by reducing particle size or by increasing the viscosity of the disperse phase. Particles 

will still collide but the probability of a collision is decreased. The fate of particles that 

come into close contact depends on the nature of the interactive forces between them. 

There are four main types offeree:

• Electrostatic forces are long range repulsive forces. They arise from the 

interaction of electrical double layers surrounding particles in suspension. This 

leads to repulsion if the particles have surface charges and surface potentials
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of the same sign (Cowley et al, 1978).

• van der Waals forces are weak forces that originate from an interaction 

between two dipoles. Dipoles of opposite charge attract one another whereas 

dipoles of like charge repel one another. If the molecules are polar there is a net 

attractive force since attractive, antiparallel orientations of dipoles are 

statistically more probable than repulsive, parallel orientations (Lasic, 1993a). 

Non-polar molecules may be attracted to one another by weak dipole-dipole 

interactions known as ‘London dispersion forces’. When two atoms or molecules 

approach one another, partial charges (dipoles) are temporarily induced due to 

movement of electrons. The direction and magnitude of the dipole fluctuates 

and the uneven distribution of electrons induces a dipole in a neighbouring 

molecule, resulting in attraction.

• Steric forces are dependent on the geometry and conformation of molecules 

at particle interfaces. For example, the bulky quaternary ammonium group of the 

polar head of phosphatidylcholine liposomes may lower the probability of vesicle 

fusion since close approach of opposing bilayers will disrupt the molecular 

conformation of the head groups (McIntosh et al, 1987). Anchoring of certain 

polymeric molecules, such as poly (ethylene oxide) to the surface of colloidal 

particles has been shown to sterically inhibit interactions between the particles 

(Napper, 1977). This is known as steric stabilization. Steric stabilization of 

liposomes is discussed in section 1.5.2.

• Solvation forces are due to changes in quantities of adsorbed solvent on 

approach of neighbouring particles.

A strongly repulsive hydration force’ equivalent to the energy required to remove water 

from the polar headgroups of phospholipid bilayers allows liposomes to remain stable 

in water (Lis et al, 1982). Below 2-3 nm separation, these forces dominate over any 

electrostatic repulsion (Cowley et al, 1978) and act as an energetic barrier (primary 

maximum) to irreversible aggregation. Reduction or elimination of hydration forces 

reduces vesicle stability (Lis et al, 1982). As the temperature of the system is 

increased, the thermal energy produced may permit dehydration of the polar heads, 

and this may result in aggregation of liposomes.
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The Derjaguin-Landau-Verwey-Overbeek (DLVO) theory (Verwey and Overbeek, 1948) 

can be used to explain colloid stability. It states that the sum of attractive energy and 

the electrostatic repulsive energy Vr gives the total potential energy of interaction (see 

equation 1.1). Figure 1.5 is a diagrammatic representation of the interaction between 

two colloidal particles as interpreted by the DLVO theory. The secondary minimum 

represents the initial rate of (reversible) aggregation as particles approach and the 

primary maximum is the energy barrier that prevents close approach and further 

(irreversible) aggregation at the primary minimum.

Equation 1.1

Figure 1.5 Schematic representation of total potential energy against distance of 

surface separation of charged colloidal particles
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Aggregation occurs as a result of weak interactions such as van der Waals forces. It 

is predominant in large uncharged phosphatidylcholine liposomes and may be reduced 

or prevented by reducing the size of liposomes or by introducing a charge into the 

membrane. Charged liposomes are less likely to aggregate because strong Vr forces 

create a high energy barrier to oppose attractive forces and prevent aggregation. For
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SUVs, the secondary minimum is too shallow to support measurable aggregation (Nir 

et al, 1981). The secondary minimum is deeper for larger particles and may therefore 

support aggregation (depending on particle size) since there is no energy barrier to 

overcome.

Manipulation of the surface charge by introduction of alkali metal cations such as Na"̂  

or Câ "̂  has been shown to affect the aggregation behaviour of EPC MLVs (Nagata et 

al, 1986; Mosharraf et al, 1995). Mosharraf et al (1995) demonstrated that EPC MLVs 

aggregate in the presence of certain concentrations of Câ "̂  ions. However, if Câ  ̂

concentration was increased above, or decreased below, threshold levels, then 

aggregation did not occur. The effect was correlated to changes in the surface potential 

of vesicles at different concentrations.

Aggregation and subsequent fusion of negatively charged liposomes, such as 

phosphatidylserine, may be promoted by the presence of foreign species such as Na"̂  

and Câ .̂ When the adhesive forces between two aggregated vesicles are sufficiently 

strong they may fuse to form a larger single structure (Kachbar et al, 1986). Fusion of 

liposomes involves the association of two separate bilayer sheets and consequent 

redistribution of lipid to form a single vesicle. When two bilayers fuse, there must be an 

interruption of the continuity of each bilayer and transformation of one or both 

constituent monolayers into some non-bilayer intermediate (MacDonald, 1990). 

Fusogenic molecules such as CaClg reduce the electrostatic repulsion and enhance the 

short-range attraction between negatively charged bilayers. Bentz et al (1983) 

demonstrated that the fusogenic capacities of divalent cations follows the sequence 

Câ  ̂> Bâ "̂  > Sr̂ "̂  > Mĝ .̂ The extent of vesicle fusion may therefore depend on the 

concentration and binding affinity of the fusogenic species present. The adsorption of 

Câ "̂  ions to bilayer surfaces is said to facilitate fusion by changing the packing stress 

of the phospholipid (MacDonald, 1990). Binding of divalent cations to 

phosphatidylserine liposomes may lead to the initiation of bilayer destabilisation due 

to dehydration of the polar head groups (Wilschut et al, 1981; Bentz et al, 1983). 

Fusion of SUVs may be induced by passage through the gel to liquid-crystalline phase 

transition, dehydration, freeze-thawing or freeze-drying / rehydration (Kirby and
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Gregoriadis, 1984; Strauss and Hauser, 1986).

1.3 Thermal phase transitions of liposomes

Liposome bilayers may exist in different physical states depending on external 

conditions. Temperature, the amount of water present in the system, pH and ionic 

composition of the aqueous phase can all influence the state (Jacobsen and 

Papahadjopoulos, 1975). Conversion from one state to another occurs during phase 

transitions.

1.3.1 The main gel to liquid-crystalline phase transition

In an aqueous system with a water content greater than 20%, temperature will 

determine the state of the molecules in a phospholipid bilayer (Ladbrooke and 

Chapman, 1969). At low temperatures, the bilayer will exist in a highly ordered ‘gel’ 

state (Lp). An increase in temperature will cause the hydrocarbon chains to change 

from extended, mainly aW-trans configurations, to more disordered structures. The acyl 

chains are said to ‘melt’ at the main transition temperature, T̂ . Above this temperature 

liposomes exist in a mesomorphic or ‘liquid-crystalline’ state (LJ The transition 

corresponds to a rapid change in the freedom of rotation of the C-C bonds over a 

narrow temperature range accompanied by a lateral expansion of the bilayer (Melchior 

and Steim, 1976). At temperatures above the T̂ ., there is no long range order within the 

hydrocarbon chain structure. This is due to a change in the isomeric conformation of 

some C-C bonds from low energy, extended trans configurations to kinked’ gauc/?e 

configurations. Freedom of rotation about each C-C bond requires that adjoining lipids 

are flexible, so the transition from gel state to liquid crystalline state is a co-operative 

shift involving many molecules. Attractive van der Waals interactions between 

hydrocarbon chains play an important role in ensuring that the transition is a 

cooperative event. If there were no intermolecular interactions each chain would 

rotamerically disorder only very gradually with increasing temperature (Nagle, 1980).
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The thickness of the bilayer is reduced by approximately 20% during the main phase 

transition due to the disordering of the hydrocarbon chains (Janiak et al, 1976). The 

passive permeability of liposome bilayers increases as temperature is increased, with 

a corresponding acceleration in the leakage of aqueous solutes. The permeability of 

vesicles in the liquid-crystalline state is markedly higher than that of vesicles in the gel 

state. Passive permeability is highest at temperatures around the phase transition 

where lateral compressibility of the bilayer is at a maximum (Doniach, 1978; Nagle and 

Scott, 1978). Lateral density fluctuations, observable at temperatures several degrees 

above and below T,,, may open transient ‘pores’ in the head group region of the bilayer 

through which exogenous molecules may pass (Doniach, 1978; Nagle and Scott, 

1978).

The temperature at which the main phase transition occurs is dependent on the length 

and degree of unsaturation of the hydrocarbon chains, and the nature of the polar head 

group, the interactions of which are influenced by the pH and ionic compositions of the 

aqueous phase (Melchior and Steim, 1976) (see section 4.1.5).

It should be noted that the phenomena described above are observed for MLVs and 

LUVs, although LUVs may have a broader transition than MLVs due to a slight 

alteration of the lipid-lipid interactions (Biltonen and Lichtenberg, 1993). SUVs exhibit 

a different thermal profile to MLVs due to packing constraints imposed by the small 

radius of curvature. SUVs have no pre-transition (section 1.3.2.1) and the temperature 

at which the main transition occurs is reduced, its enthalpy is lowered and the 

endotherm increased in width (Melchior and Steim, 1976). This suggests a less ordered 

orientation and a greater degree of freedom of motion of the hydrocarbon chains below 

the Tg, due to the constrained packing of phospholipid molecules in SUVs.

1.3.1.1 Pre-melting phenomena

The main transition involves a co-operative shift from an ordered phase to one of 

higher disorder, arising from events that may also occur at much lower temperatures.
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At temperatures above absolute zero, a solid will contain defects such as grain (phase) 

boundaries. A grain boundary is simply the boundary separating two crystals or grains 

with different orientation of molecular packing, and so represents an area of disorder. 

As temperature increases the number of defects will increase due to an increase in 

entropy, AS. At low temperatures the phospholipid molecules will exist as a relatively 

perfect gel lattice. Small isolated areas of disorder or liquid crystalline-like phase will 

grow as the temperature approaches the phase transition (Lee, 1977). A sharp phase 

transition depicts a rapid occurrence of these events whereas a transition over a broad 

temperature span is indicative of a less co-operative transition from gel to liquid 

crystalline state. Techniques such as differential scanning calorimetry (DSC) and 

differential thermal analysis (DTA) have been used to measure the phase transition 

profile of liposomes (Chapman et al, 1967). DSC is the technique most widely used to 

analyse the thermal behaviour of liposomes (Taylor and Morris, 1995). Techniques 

such as nuclear magnetic resonance (NMR) (Lewis et al, 1984) and electron spin 

resonance (ESR) spectroscopy (Cater et al, 1974) detect the increase in fluidity at T̂  

by utilizing probes to measure molecular motion.

1.3.2 Other phospholipid phase transitions

1.3.2.1 Pre-transition

A small pre-transition peak is observed with some saturated phosphatidylcholines. It 

is a broader transition having lower enthalpy than the T̂ . At temperatures below the 

pre-transition a one dimensional lamellar lattice exists with fully extended hydrocarbon 

chains tilted with respect to the plane of the bilayer (Lp. phase). This is due to the bulky 

polar head group of phosphatidylcholine occupying a greater area of the membrane 

than the straight fatty acid chains (see section 1.2.2). As the hydrocarbon chain length 

of the phospholipid molecule increases, the temperature interval between the pre

transition and main transition increases (Ladbrooke and Chapman, 1969). The 

presence of this pre-transition is attributed to rotation of the polar head of the 

phospholipid molecules (Ladbrooke and Chapman, 1969) or due to a co-operative shift
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of the rigid hydrocarbon chains between crystal forms before melting (Hinz and 

Sturtevant, 1972). Cater et al (1974) have reasoned that the pre-transition endotherm 

is likely to be associated with both rotation of the polar heads and a shift of the 

hydrocarbon chains from (3’ to (3 conformation. However, it is claimed that the pre

transition of synthetic phosphatidylcholines such as DMPC and DPPC is due to 

structural changes in the lamellar lattice, as determined by x-ray diffraction studies 

(Janiak et al, 1976). The pre-transition is associated with a structural transformation 

from a one dimensional lamellar to a two dimensional monoclinic lattice known as the 

Pp. state. Here, the phospholipid lamellae are distorted by periodic modulations or 

‘ripples’, the wavelength of which are a function of both temperature and water content 

(Tardieu et al, 1973; Janiak et al, 1976; Lubensky and MacKintosh, 1993). Figure 1.6 

shows the commonly observed phases and phase transitions of phosphatidylcholine 

liposomes.

Figure 1.6 Schematic diagram of phases and transitions of synthetic 
phosphatidylcholine bilayers
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1.3.2.2. Sub-transition

Following prolonged incubation at low temperatures, fully hydrated long chain 

phosphatidylcholines such as DMPC and DPPC exist in an ordered, condensed 

crystalline (or pseudocrystalline) subgel (L j state, in which the hydrocarbon chains are 

relatively immobile as determined by NMR spectroscopy (Füidner, 1981). On heating, 

Lg state liposomes undergo a transition (the subtransition) to the L pState. The polar 

head groups become more mobile and there is an increased penetration of water in the 

interfacial region of the bilayers (Lewis et al, 1984).

1.3.3 The effect of other molecules on the thermal behaviour of liposomes

The co-operativity of the main phase transition is highly sensitive to the presence of 

other materials. The presence of an impurity, such as a drug molecule will disrupt the 

packing order of the molecules within the bi layer. This will interrupt the system by which 

the motion of a particular hydrocarbon chain is transmitted to adjacent hydrocarbon 

chains, subsequently reducing the co-operative movement associated with the 

transition. For example, DSC analysis has shown that inclusion of hydrocortisone 

hexadecanoate reduced the co-operativity of the main transition of DPPC liposomes 

(Fildes and Oliver, 1978). In addition, Arrowsmith et al (1983) demonstrated that the 

pre-transition endotherm of DPPC liposomes was abolished in the presence of 2.5 mol 

% of cortisone hexadecanoate. It was postulated that the modified thermal profile was 

caused by the ester chain of the steroid localising in the hydrophobic region of the 

phospholipid bilayer (Fildes and Oliver, 1978; Arrowsmith et al, 1983). The effect of 

drugs, polymers and other molecules on the thermal profile of liposomes is discussed 

more fully in section 5.1.6 .

1.3.3.1 The effect of cholesterol on the thermal behaviour of liposomes

Cholesterol is a naturally occurring sterol that can readily be incorporated into
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phospholipid bilayers up to a 1:1 molar ratio even though it has a quite different 

structure. Cholesterol has a stabilizing effect on phospholipid bilayers by maintaining 

the bilayer in a fluid-like state over a large range of temperatures (Ladbrooke and 

Chapman, 1969; Oldfield and Chapman, 1972). Below the T̂ , the phospholipid chains 

are more mobile than in the absence of cholesterol, because the hydrocarbon chains 

are prevented from organizing into the highly ordered, close-packed configurations 

characteristic of the gel state. In equimolar concentrations, cholesterol has a profound 

effect on the order of the hydrocarbon chains by positioning itself towards the outer part 

of the phospholipid membrane with its polar hydroxyl group located at the level of the 

glycerol bridge where hydrogen bonding can take place. The positioning of cholesterol 

in the membrane increases the rigidity of the first nine carbons at the carboxyl end but 

permits greater freedom of movement for the remaining carbons. Above the T̂ , 

cholesterol restricts the fluidity of the hydrocarbon chains, with a subsequent reduction 

in permeability to aqueous solutes. This increases the retention of hydrophilic drugs, 

and improves resistance of liposomes to degradation in vivo. If cholesterol is added to 

a membrane composed of a single phospholipid, as the mole fraction of cholesterol 

increases the phase transition decreases and is eventually abolished (at approximately 

50% mole of cholesterol for most phospholipids) (Oldfield and Chapman, 1972). This 

corresponds with the maximum concentration of cholesterol that can be incorporated 

before phase separation occurs. The main transition endotherm for DMPC and DPPC 

liposomes containing between 1 and 25 mol % cholesterol can be subdivided into two 

or possibly three peaks (McMullen et al, 1993), indicative of phase separation into 

cholesterol-rich and cholesterol-poor domains within the bilayer.

1.4 Effect of freezing and thawing on liposomes

1.4.1 Behaviour of water during freezing

Depending on conditions during freezing (temperature, pressure, rate and time) and 

content of the solution, three types of ice formation may be observed:
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Slow cooling: Ice crystal formation will begin at 0°C. Heterogeneous nucléation 

of ice crystals occurs on trace particulate impurities such as dust and bacteria 

commonly found in laboratory samples.

Supercooling: Water that is free of heterogeneous nucleating agents must 

freeze by homogeneous nucléation. Ice formation starts at temperatures below 

0°C. Maximal supercooling occurs only in very clean samples. Supercooled 

water (liquid form) can be found at temperatures as low as -40°C for water 

droplets smaller than 5pm (Ôzer et al, 1988).

Vitrification: This occurs when only a portion of water crystallizes as ice and 

the remaining solution forms an amorphous “glassy” solid. Vitrification is 

observed in aqueous cryoprotectant solutions such as glycerol and 

dimethylsulphoxide. Cryoprotectants are used to protect liposomes, cells and 

tissue from damage during low-temperature preservation (MacDonald and 

MacDonald, 1993) (see section 1.4.5).

1.4.2 Physical processes observed during freezing and thawing

Freezing of simple solutions is a reasonably well understood phenomenon. At 

atmospheric pressure, formation of ice is observed at temperatures below 0°C. The 

freezing point may be depressed by solutes. The concentration of solute will affect the 

temperature at which the solution begins to freeze. The behaviour of a simple binary 

mixture may be explained using a phase diagram (Figure 1.7). A large amount of 

energy is required to accommodate an extrinsic molecule into an ice crystal. This leads 

to a low solubility of the solute in ice. When ice formation occurs, the solute becomes 

more concentrated in the unfrozen solution, leading to a depression of the freezing 

point of the remaining solution, so that an equilibrium remains between the unfrozen 

solution and ice at temperatures significantly below 0°C. Arrows on the phase diagram 

illustrate the path taken by a solution of theoretical concentration (marked * on the 

concentration axis). Arrow 1 represents cooling from ambient temperature to freezing 

point.
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The solution becomes progressively more concentrated (arrow 2) as more water 

freezes until the solute or one of its hydrates exceeds its solubility product, resulting in 

precipitation of the solute. The temperature at which this occurs is known as the 

Eutectic Temperature (E). Below this point the mixture will consist of ice and crystalline 

solution. The solute and residual water co-crystal I ize at the eutectic temperature. From 

this point the solid eutectic will cool along arrow 3 as there can be no further increase 

in solute concentration.

Figure 1.7 A model phase diagram for a simple binary 
mixture

£  o x34-»
03L_
0)
o_
E
<D

Solution
1 /

2 /
/

Ice and /
solution V /T e

Solid or ice 3
+viscous soln.

1 1 1 1
y

1 1

Concentration of solute

1.4.3 Temperature dependent physical processes in a liposomal system

MLVs have been employed as models for biological membranes because they respond 

to freezing stress in the same manner (Morris and McGrath, 1981). Temperature 

dependent differences in the response to freeze-thawing can be explained in terms of 

fluidity of the bilayer. ESR spectroscopy has shown that there is greater disruption to 

membranes of phospholipids in the liquid-crystalline state than to membranes of 

phospholipids in the gel state when the freezing point of the solution is reached. This 

is because gel state phospholipids are generally less permeable and have less water 

of hydration associated with them (Strauss and Hauser, 1986).
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1.4.4 Effect of freezing and thawing on liposomes

Mechanical dispersion of a dry lipid film in aqueous buffer to form MLVs does not result 

in equilibrium trans-membrane distributions of solute, since solutes do not necessarily 

pass across the bilayer as freely as water following vesicle production (Gruner et al, 

1985b). The entrapped aqueous phase may therefore have a lower solute 

concentration, resulting in an osmotic imbalance between the interior and exterior 

environments. Freeze-thawing can remove solute heterogeneity and also serves to 

break apart the closely spaced lamellae of MLVs, thereby increasing the ratio of 

aqueous solute to lipid (ie. the trapping efficiency). Mayer et al (1985) demonstrated 

this by dispersing phosphatidylcholine in an aqueous buffer containing Mn̂ "̂  (a 

broadening agent used in ^^P-NMR studies). The resulting liposomes had a non

equilibrium distribution of solute as determined by NMR spectroscopy. After five freeze- 

thaw cycles a much broader ^V-NMR spectrum was observed, signifying that all 

phospholipids were in contact with the Mn̂ "̂  to the same extent. Much of the potential 

damage to liposomes during freeze-thawing is directly related to the behaviour of water 

in the dispersions (Talsma et al, 1991). Repeated freezing and thawing of MLVs 

causes physical disruption to the phospholipid bilayer, probably by ice crystals formed 

during the freezing process. Freeze-fracture micrographs of frozen and thawed MLVs 

(FATMLVs) confirmed the increased spacing of lamellae compared to MLVs that had 

not been frozen and thawed. Vesicles within vesicles and vesicles between lamellae 

were also frequently observed in micrographs of FATMLVs (Hope et al, 1986).

The disruption of internal lamellae and increased separation of bilayers during freeze- 

thawing of MLVs has been shown to produce a greater proportion of unilamellar 

vesicles following extrusion, compared with liposomes not subjected to this protocol 

(Mayer et al, 1986b), and improves encapsulation efficiency (Hope et al, 1993). Elorza 

et al (1993) compared encapsulation efficiencies of various liposome preparations 

using 5,6 carboxyfluorescein as an aqueous marker. Frozen and Thawed extruded 

liposomes were a monodispersed population with an internal volume higher than LUVs 

prepared solely by extrusion of MLVs through polycarbonate filters of equivalent pore 

size.
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Mayer et al (1986b) used ^^P-NMR spectroscopy to provide quantitative evidence for 

unilamellarity of extruded liposomes. Addition of Mn̂ "̂  to the external aqueous 

environment quenches the ^^P-NMR signal of phospholipids in the outermost 

monolayer by broadening the resonance beyond detection. Approximately 50% of lipid 

(and hence the ^^P-NMR signal) is expected in the external monolayer of a 1 0 0  nm 

unilamellar liposome. Therefore introduction of Mn̂ "̂  should result in a 50% reduction 

in the ^V-NMR signal of LUVs. A 50% reduction was obtained for ^^P-NMR labelled 

FATMLVs following two passes through two stacked 100 nm pore filters, after which 

no change was observed in the percentage signal remaining, providing strong evidence 

that the vesicles were unilamellar. In addition, FATMLVs were shown to reach 

unilamellarity more readily than ordinary MLVs following extrusion (Mayer et al, 1986b).

MLVs of some phosphatidylcholines have been shown to progressively rupture and 

'fragment' to form smaller vesicles in response to freeze-thawing in electrolyte 

solutions. MacDonald et al (1994) demonstrated that dioleoylphosphatidylcholine 

(DOPC) MLVs frozen and thawed for ten cycles in 0.1 M NaCI solution fragmented into 

a population of smaller vesicles with a mean diameter less than 200 nm. MLV 

fragmentation was said to be dependent on the presence of an electrolyte because no 

evidence of fragmentation was observed using distilled water as the aqueous phase. 

Ice formation in the external phase was thought to have caused a progressive increase 

in electrolyte concentration of the remaining unfrozen aqueous solution. This would 

result in an osmotic extraction of water from the liposomes, causing dehydration and 

subsequent fragmentation of phospholipid bilayers. The process was temperature 

dependent, with extensive fragmentation only detected when freezing temperatures 

were below the eutectic temperature of the solute. However, physical properties of the 

bilayer are also important. Fragmentation of MLVs into smaller vesicles has been 

reported for other phospholipids, but occurring to a much lesser extent (Morris and 

McGrath, 1981). Other reports demonstrated the loss of barrier properties (to aqueous 

solutes) during freezing and thawing but no major fragmentation (Oku and MacDonald, 

1983; Mayer et al, 1985).
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1.4.5 Cryoprotectants

Cryoprotective agents such as trehalose (and other disaccharides), dimethyl sulphoxide 

and glycerol are known to protect phospholipid bilayers from injury during freeze- 

thawing and freeze-drying. Reduced leakage of a drug or aqueous marker is observed 

in the presence of such agents compared with unprotected systems (MacDonald and 

MacDonald, 1993; MacDonald et al 1994). In the presence of cryoprotective sugars, 

a glassy matrix is formed as the dispersion is cooled (vitrifies). This may protect the 

liposome against ice formation and prevent fusion of vesicles by decreasing the surface 

tension of the liposome surface (Koster et al, 1994). In addition, cryoprotectants are 

thought to depress the T̂ , bind water and interact with polar head groups of 

phospholipids. Water molecules associated with polar head groups of hydrated 

phospholipid bilayers may be replaced by sugar molecules which protect liposomes 

from aggregation and fusion during freezing-thawing or freeze-drying by holding 

individual vesicles in a vitrified matrix (Crowe et al, 1987; Crowe et al 1988). Certain 

cryoprotectants, such as trehalose, have been shown to maintain phospholipids in a 

fluid-like state in the absence of water, avoiding passage through the gel to liquid- 

crystalline phase transition and subsequent bilayer disruption during freeze-drying 

(Crowe et al, 1987).

With some phospholipids, cholesterol is though to act as an internal membrane 

cryoprotective agent, possibly by maintaining the membrane in a fluid state over a large 

temperature range (Needham et al, 1988). Inclusion of cholesterol at 33 or 50 mol% 

substantially reduced fragmentation of DOPC MLVs after five or ten freeze-thaw cycles 

(MacDonald et al 1994). However, cholesterol increases the rigidity of EPC liposomes 

making them less resistant to the stresses imposed by internal ice formation during 

fast-freezing (Morris and McGrath, 1981; Higgins et al, 1987; van Winden et al, 1997).

1.5 Fate of liposomes following intravenous injection

Whilst monodisperse populations of small liposomes are easily prepared, unmodified
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vesicles are efficiently removed from circulation by cells of the MPS. These are 

phagocytic cells responsible for endocytosing and destroying foreign matter such as 

bacteria and colloidal particles (including liposomes and other nanoparticulate drug 

delivery systems) as well as expended blood cells and tissue debris. The main organs 

of the MRS are the liver, spleen, lymph nodes and bone marrow. The cells of the MRS 

originate as pre-monocytes in the bone marrow before circulating in the blood as 

monocytes. Monocytes circulate in the bloodstream for a short time (several hours or 

days) before attaching in various organs and tissues where they are known as fixed 

macrophages. Fixed macrophages line blood-spaces in the bone marrow, spleen, 

lymph nodes, sinusoidal liver tissue (Kupffer cells), lungs (alveolar macrophages) and 

the epithelia of the skin and digestive tract (Langerhans cells). In addition to circulating 

in the body via the blood system as monocytes, mobile MRS cells (or free 

macrophages) may migrate through tissues to an injury or infection site, and play a key 

role in fighting disease by efficiently clearing exogenous colloidal particles from the 

systemic circulation.

Liposomes are cleared by the MRS following intravenous injection, primarily by Kupffer 

cells and macrophages in the spleen and bone marrow (Alving et al, 1978; New et al, 

1978; Ratel et al, 1983). Therefore cells of these organs may be passively targeted. 

The antimicrobial agent Amphotericin B, used to treat systemic fungal infections and 

leishmaniasis, a parasitic protozoan infection that localises in cells of the MRS, is 

commercially available as a liposomal formulation (AmBisome ®, Vestar Inc, USA). The 

formulation improves the efficacy of the antimicrobial in treatment of systemic fungal 

infections and reduces nephrotoxicity (Legrand et al, 1997). Liposomal Amphotericin 

B was shown to be 3 times more active against leismania infantum than free drug (Raul 

et al, 1997).

In addition to phagocytes, unmodified liposomes also interact with plasma lipoproteins, 

especially high density lipoproteins (HDL) which destabilize bilayers by removing 

phospholipids from the bilayer leading to disintegration of the liposome structure (Tall 

and Small, 1977; Allen, 1981). Loss of bilayer integrity may result in the leakage of 

entrapped materials before the formulation reaches its intended target. For controlled
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release, an intravenously administered formulation should circulate in the body for 

prolonged periods of time and release medicaments at a specific rate. The properties 

of liposomes can be changed by altering the constituents of the bilayer. For example, 

the rate of release of medicaments from liposomes has been modified by including 

lipids in the gel state at body temperature such as sphingomyelin, or by addition of 

cholesterol (Kirby and Gregoriadis, 1980; Allen and Chonn, 1987). The MPS may be 

regarded as an obstacle for formulations to be delivered to organs outside of its control. 

Therefore, the structure of liposomes and other colloidal drug delivery systems have 

been modified in attempts to disguise them from cells of the MPS (see section 1.5.2).

1.5.1 Opsonisation

Opsonisation is an important part of the phagocytic process, mediated by a series of 

plasma proteins collectively known as opsonins. Opsonins recognise and adhere to the 

surface of foreign particles such as bacteria and unmodified microparticulates (eg. 

liposomes) where they act as a molecular “beacon” which phagocytic cells can 

recognise and bind via specific membrane receptors. Immunoglobulins and 

components of the complement system (particularly C3 and C5) are known as 

‘classical’ or immune opsonins (Stolnik et al, 1995). In addition, a number of non- 

immune opsonins have been isolated. These are serum factors such as fibronectin (a 

high molecular weight glycoprotein found on the surfaces of fibroblastic cells), C- 

reactive protein and tuftsin which have all been shown to enhance recognition of 

various exogenous particles by macrophages (Blumenstock and Saba, 1982; Stolnik 

et al, 1995).

Opsonisation with complement has been shown to significantly increase uptake of 

liposomes by phagocytic cells (Roerdink et al, 1983). Complement is a series of more 

than fifteen distinct plasma proteins (identified numerically from 01 to 09) that become 

bound to antigen-antibody complexes in a precisely regulated cascade. In addition to 

attracting macrophages, the fixation of complement to the surface of micro-organisms 

and infected cells (complement fixation) will result in lysis of their plasma membranes
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if the complement cascade is completed. It can be regarded as having a similar effect 

on vesicle bilayers, leading to loss of bilayer integrity and increased permeability 

(Funato et al, 1994). Complement activation may proceed via two different pathways: 

the classical pathway, which is activated by IgG (immunoglobulin G) or IgM antibody 

complexes, and the alternative pathway which is antibody dependent and therefore 

provides a non-specific natural defence against foreign particles. Both pathways result 

in the formation of the membrane attack complex (MAC). Chonn et al (1991) reported 

that negatively charged liposomes activated the classical pathway, positively charged 

liposomes activated the alternative pathway, and neutral liposomes failed to activate 

complement.

Opsonins have been shown to increase the hydrophobicity of particles to which they 

adsorb. Van Css et al (1975) compared the contact angle of different bacteria against 

the average number of bacteria phagocytised by human neutrophils. More bacteria 

were phagocytised as hydrophobicity increased (represented by an increase in contact 

angle). Addition of complement to non-phagocytised bacteria resulted in phagocytosis 

by human neutrophils and an increase in the contact angle of the bacteria.

The selective uptake of plasma components acting as dysopsonins, believed to prevent 

recognition by macrophages, as well as reducing the adsorption of opsonins, is thought 

to be important in modulating opsonisation (Moghimi et al, 1993). Cholesterol 

influences binding of serum opsonins to liposomes. Moghimi and Patel (1988) found 

that in the presence of rat serum, Kupffer cells avidly take up cholesterol-poor 

liposomes but not cholesterol-rich liposomes, whereas splenic cells take up cholesterol- 

rich liposomes in preference to cholesterol-free liposomes. This suggests that serum 

contains specific opsonins for hepatic and splenic phagocytic cells with different 

affinities for cholesterol-poor liposomes and cholesterol-rich liposomes.

1.5.2 Improvement of blood circulation time and steric stabilization

Surface characteristics and size are major determinants of the clearance kinetics and

56



biodistribution of liposomes and other colloidal particles. Regulation of these properties 

is essential in order to avoid opsonisation and optimize blood circulation times. 

Modification of particle size can influence the biodistribution of liposomes. Ilium et al 

(1982) demonstrated that large particles (7 pm and greater) become trapped in the 

capillary bed of the lung after intravenous administration (and potentially the capillary 

bed of any selected organ after intra-arterial administration). Small particles are cleared 

by the MPS, but liposomes with diameters of 100 nm or less with rigid bilayers have 

longer circulating half-lives than other colloidal sized vesicles (Gabizon and 

Papahadjopoulos, 1988; Lasic et al, 1991).

The effect of regulating surface hydrophilicity has also been studied. A local 

concentration of well-hydrated groups at the particle surface is proposed to sterically 

inhibit interactions with opsonins (Lasic et al, 1991). However, hydrophilicity alone will 

not prevent MPS uptake if complement activating groups (such as hydroxyl groups) are 

present (Müller and Wallis, 1993).The net charge of the liposome bilayer influences the 

rate of uptake by the MPS following intravenous administration, with negatively charged 

vesicles cleared more rapidly than neutral or positively charged vesicles (Gabizon and 

Papahadjopoulos, 1992). A lack of surface charge is important because many of the 

initial reactions of opsonins on the surface of the colloid will be of an electrostatic (ionic) 

nature. Paradoxically, specific glycolipids such as monosialoganglioside (G^i), have 

been shown to significantly improve circulation half-lives even though they impart a 

negative surface charge on the liposome (Allen and Chonn, 1987). It was proposed that 

steric hindrance of negative charge by the carbohydrate moiety of G^i inhibits 

electrostatic interactions and subsequently adsorption of opsonins onto the liposome 

surface (Gabizon and Papahadjopoulos, 1992). Inclusion of certain derivatives of 

polyethylene glycol (PEG) significantly lengthens the circulating half-lives of liposome 

formulations (Klibanov et al, 1990). When anchored to the phospholipid bilayer PEG- 

derivatives are thought to sterically stabilize the system. The PEG-groups effectively 

mask or shield electrostatic forces in charged lipids and so reduce the rate of ionic 

interactions with plasma proteins (Lasic et al 1991). Indeed, PEG-coated liposomes 

with a high negative surface charge and fluid bilayers were reported to circulate for 

extended periods (Allen and Hansen, 1991).
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Cholesterol and solid-state lipids such as distearoylphosphatidylcholine (DSPC) and 

sphingomyelin are known to improve circulation times when included in liposome 

formulations (Gabizon and Papahadjopoulos, 1988). Gel state liposomes resist 

opsonisation more effectively than fluid-state vesicles, as tighter packing of the polar 

head groups reduces hydrophobicity at the surface (Lasic et al 1991). In addition, rigid 

gel state bilayers are more stable in vivo since they are less susceptible to penetration 

by HDL and loss of phospholipids by lipid exchange (Allen, 1981). Although 

modifications such as these delay MPS uptake, the presence of a polyoxyethylene 

chain is generally considered to be of primary importance in evading phagocytosis. 

Lasic et al (1991) hypothesised that a high surface charge density increases the degree 

of hydration of the polymer and forces it to extend further from the surface of the 

vesicle. The polymer chain is proposed to act as a brushlike structure, inhibiting plasma 

proteins from interacting with the liposome surface by increasing the free energy barrier 

of various specific and non-specific reactions leading to uptake or destruction of the 

vesicle. The polymers are therefore said to sterically stabilize the formulation.

The DLVO theory can be used to explain the concept of steric stabilization (see section 

1.2.6.2). Hydrophilic polyoxyethylene chains attached to a liposome will extend 

outwards into the aqueous disperse phase and interact extensively with water 

molecules. Close approach to another particle (for example, an identical stabilised 

liposome or an opsonin) will cause water to be released from the polyoxyethylene 

chains resulting in a positive enthalpy change, which is energetically unfavourable. The 

steric effect will be combined with the net contribution from electrostatic and van der 

Waals interactions, which explains why PEG-coated liposomes with negative surface 

charge and fluid bilayers circulate for prolonged periods in the bloodstream.

The effectiveness of a polymer in achieving steric stabilization will depend on the 

strength of the bond or interaction between it and the liposome, and on the length of 

the hydrophilic chain that extends from the liposome surface (Ilium et al, 1987). For 

effective steric stabilization it is necessary for the length of the stabilizing chains to 

exceed the range of the van der Waals attractive forces (Ilium et al, 1987; Moghimi et 

al, 1993). The density of surface coverage by the polymer also governs the
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effectiveness of steric stabilization. At low surface coverage the chains lie relatively flat 

on the bilayer, adopting the so-called pancake' formation, but as polymer coverage 

increases the hydrophilic chains start to sterically repel one another and are forced to 

extend further from the liposome surface. They adopt a ‘mushroom’ shaped structure 

and at higher surface density, a fully extended ‘brush’ formation (figure 1.8 ) (Kenworthy 

et al, 1995a; Ceh et al, 1997; Szleifer et al, 1998).

Figure 1.8 Theoretical conformations of different surface 
densities of grafted polymer on a phospholipid biiayer
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1.5.3 Extravasation of liposomes

For site specific delivery, liposomes must leave the vascular compartment at some 

point, in order to reach extravascular sites of action. An understanding of the 

microvasculature and morphology of the capillaries and endothelium is important in 

determining the fate of intravenously administered liposomes. A typical blood capillary 

consists of an endothelial tube overlying a delicate basement membrane. On the basis 

of intracellular spacing and the structure of the endothelium and basal lamina, 

capillaries can be classified into three groups: continuous, fenestrated and sinusoidal 

(discontinuous). In most regions capillaries have a continuous endothelium and an 

uninterrupted basement membrane. The endothelial cells of these continuous 

capillaries are linked by tight junctions. Macromolecules may pass across the
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endothelium internalised in pinocytic vesicles (average diameter 50 nm), or by passing 

through intercellular spaces (2-6 nm) or through transendothelial channels originating 

from the simultaneous opening of one or more pinocytic vesicles either side of the 

endothelium (10-40 nm) (Guyton and Hall, 1996). Fenestrated capillaries are typified 

by having a very thin cytoplasm on each side of the nucleus (30-60 nm) with gaps or 

open fenestre (20-100 nm) at irregular intervals (Guyton and Hall, 1996). They are 

found in a few areas where extensive diffusion occurs, such as the choroid plexus of 

the brain and the filtration complex of the kidneys. Both continuous and fenestrated 

capillaries have a basal lamina which supports the endothelium and is freely permeable 

to particles with diameters of 5-11 nm but reduces the rate of penetration of larger 

macromolecules. Sinusoidal capillaries are specialized capillaries found almost 

exclusively in liver, bone marrow and adrenal glands. The cells form flattened irregular 

passageways and do not possess a basal lamina. They are characterised by the 

presence of very large endothelial gaps with diameters of 100-1000 nm. Liposomes 

with a diameter of =100 nm would theoretically pass through large fenestrations such 

as those in sinusoidal capillaries (Gabizon and Papahadjopoulos, 1992).

Vascular permeability is generally increased at sites of pathology such as tumours, due 

to alterations in capillary permeability and vascular structure caused by increased 

basement membrane permeability and leaky endothelium cells (Proffitt et al, 1983; 

Gabizon and Papahadjopoulos, 1988). Neutral DSPC / cholesterol SUVs (50 nm 

diameter) have been shown to accumulate in tumours (Proffitt et al, 1983). Sterically 

stabilized liposomes with a diameter of approximately 100 nm have also been shown 

to accumulate preferentially in tumours as well as tissues such as skin and carcass 

(Gabizon and Papahadjopoulos, 1988; Papahadjopoulos et al, 1991). The quantity of 

liposomes that vacated the vascular compartment was shown to be proportional to the 

blood circulation time (Wu et al, 1993; 6eh et al, 1997).
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1.6 Poloxamer surfactants

Poloxamers are ABA block copolymers commercially known as Pluronics®. They are 

nonionic, surface active materials with an amphipathic structure comprising of two 

hydrophilic polyoxyethylene (POE) moieties enveloping a hydrophobic 

polyoxypropylene (POP) moiety. Poloxamers are synthesized by sequential addition 

of polypropylene oxide to the two hydroxyl groups of propylene glycol to create a 

hydrophobe of desired molecular weight. Ethylene oxide is then added to sandwich the 

hydrophobe between hydrophilic groups controlled by length to constitute from 10% to 

80% (by weight) of the final molecule. Figure 1.9 shows the chemical structure of a 

poloxamer.

Figure 1.9 General chemical structure of a poloxamer
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Poloxamers can not be regarded as pure compounds as they show broad molecular 

weight distributions due to difficulties in synthesizing exact molecular weights during 

manufacture. The presence of small amounts of diblock copolymers will also increase 

the polydispersity of poloxamer samples. No commercial samples with monodisperse 

molecular weight are available. This was demonstrated by broad melting points 

obtained during DSC analysis of poloxamers (Alexandridis et al, 1994b) and by gel 

permeation chromatography (Porter et al, 1992a), which indicated batch-to-batch 

variation in the molecular weight profiles of poloxamers (Porter et al, 1992a).

1.6.1 Nomenclature

Poloxamers are classified according to molecular weight of the hydrophobe and the 

percentage of POE. The first two digits of the name multiplied by 100 give the 

approximate average molecular weight of the polyoxypropylene portion. The last digit
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multiplied by 10 corresponds to the percentage by weight of polyoxyethylene in the 

poloxamer. For example, Poloxamer 338 (P338): mol. wt. of POP=3300; 80% POE.

Another system of identifying poloxamers is also used. The Pluronic® system (BASF 

Corp, USA), designates a letter to a particular poloxamer based on its physical state 

at room temperature. For example, P338 is named FI 08 using the Pluronic® system, 

where F is a poloxamer that exists as a solid flake at room temperature. ‘L’ Pluronics® 

are liquids and ‘P’ Pluronics® are pastes at room temperature. It is difficult to give an 

exact value for the molecular weight of a Pluronic® since each sample will contain a 

range of polymer chain lengths which approximate to the nominal molecular weight of 

the poloxamer. Table 1.2 shows a range of common poloxamer surfactants.

Table 1.2 The poloxamer series

4000 401 402 403 - - - 407 -

3250 331 - 333 334 335 - - 338

2750 - 282 - 284 - - - 288

2250 231 - - 234 235 - 237 238

2050 - 212 - - 215 - 217 -

1750 181 182 183 184 185 - - 188

1200 - 122 123 124 - - - -

950 101 - - - 105 - - 108

10 20 30 40 50 60 70 80

Hydro

phobe

Mol.

Wt.

% Ethylene oxide

1.6.2 Conventional uses of poloxamers

Poloxamers are widely used in the pharmaceutical industry where they are employed 

as suspending / dispersing agents, as wetting agents in antibiotic formulations and in 

the formulation of gels. In addition, they are used as emulsifying agents for intravenous
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fat emulsions and as solubilizing agents to maintain clarity in elixirs and syrups. 

Poloxamers may also be used in ointment or suppository bases and as tablet binders 

or coaters (Martindale: the Extra Pharmacopoeia, 1996). Poloxamers 338 and 407 are 

used in some contact lens solutions and have been shown to prevent build up of 

certain bacteria (Schepens et al, 1993), whilst poloxamer 188 is used as a wetting 

agent in the treatment of constipation (Martindale: the Extra Pharmacopoeia, 1996). 

The behaviour of each poloxamer depends on the ratio of its constituent polymers 

(figure 1.10).

Figure 1.10 Poloxamer use /  composition grid (adapted

from Plant [1996])
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1.6.3 General properties of surfactants

Surfactants are normally classified by the nature of the polar region. Anionic and 

cationic surfactants are negatively and positively charged respectively. Non-ionic 

surfactants have no ionisation so rely on a permanent dipole. The hydrophobic portion 

of many surfactants is often a saturated or unsaturated hydrocarbon chain. The 

amphipathic nature of surfactants gives them surface active properties. In aqueous 

liquid systems the opposing affinities for water allow the surfactant to accumulate at the 

surface (liquid-vapour interface), such that the hydrophilic region of the molecule
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associates with the liquid, and the hydrophobic region separates from it. This will lead 

to a minimum free energy state and resultant reduction in surface tension. As 

concentration of surfactant increases this method of free energy reduction becomes 

inadequate at a point known as the critical micelle concentration (CMC). At this 

concentration the surfactant molecules aggregate and orientate in a conformation that 

segregates the hydrophobic moieties from the disperse phase. These micelles are 

either spherical, cylindrical or lamellar depending on concentration and other 

thermodynamic factors, and serve to maintain the solubility of the surfactant in water 

(Kayes, 1988; Florence and Attwood, 1988a).

1.6.3.1 Surfactants and the solid-liquid interface

The accumulation of surfactants at the surface of a solid can facilitate the formation of 

a disperse system. Generally the system will be classed as a colloid for particles 

between 1 nm and 1 pm in diameter, and a suspension for larger particles (Schmolka, 

1976). Surfactants can adsorb to a surface by physical adsorption where the adsorbate 

is bound to the surface by weak van der Waals forces, or by chemical adsorption 

(chemisorption) in which stronger valence forces are involved. This usually involves an 

ion-exchange mechanism. Frequently both physical and chemical energies are involved 

in a specific adsorption process (Florence and Attwood, 1988a).

1.6.4 Properties of poloxamers

Poloxamers are anhydrous and noncorrosive. Generally they are soluble in water and 

ethanol and have limited solubility in ethylene glycol and mineral oil. The extent of a 

particular poloxamer's solubility in water is governed by the proportion of POE present. 

The solubility of poloxamers in water is due to the interaction of ether oxygen bonds 

and protons in the water. This interaction takes the form of hydrogen bonding. An 

increase in the temperature of the system will reduce the degree of hydrogen bonding 

leading to a reduction of water solubility. The toxicity of poloxamers is also dependent
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on the proportion of POE in the molecule as well as the molecular weight of the 

hydrophobe. Toxicity decreases as the ratio of polyoxyethylene to polyoxypropylene 

increases and as the molecular weight of the hydrophobe rises. At a 100% 

concentration the acute oral toxicity of P407 in rats was reported to be greater than 15 

g/kg (Schmolka, 1991). Acute dermal and eye irritation values were minimal.

Poloxamers form monomolecular micelles at low concentrations in aqueous solution. 

The molecule becomes tightly packed as the hydrophilic POE groups rearrange 

themselves. They curl up to shield the POP moiety from the aqueous phase. At higher 

concentrations they are thought to form multimolecular micelles (see figure 1.11). Here, 

a number of poloxamer molecules will associate to reduce the interaction of their 

hydrophobic moieties with the disperse phase. The polyoxypropylene groups assemble 

with other like groups to form an inner core' which is shielded from exposure to water 

molecules by the hydrophilic polyoxyethylene groups which remain outside (Florence 

and Attwood, 1988b; Linse, 1993). Linse (1993) used a lattice theory for heterogeneous 

systems (Scheutjens and Fleer, 1979) to describe the structure of the multimolecular 

aggregate. It considers POP and POE as separate entities and concludes that only a 

small number of unfavourable contacts will be made between the hydrophobic 

segments and water.

The micellization process produces a large endothermie heat that is linearly related to 

the size of the POP moiety (Wanka et al, 1994). It can be concluded that the 

endotherm is due to the dehydration of the polyoxypropylene core. An increase in 

temperature will lead to a decrease in CMC because it will help provide the large 

amount of energy required for micellization. Further evidence is provided by research 

that showed two breaks (changes in slope) in the surface tension vs. log concentration 

curve for most of a group of seven poloxamers in aqueous solution (Alexandridis et al, 

1994a). The first break is believed to be the point at which complete coverage of the 

air / water interface is observed (at around 0.001% w/v) and the associated 

rearrangement of copolymer molecules.

The second break represents the CMC and agrees with data ascertained using dye
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solubilization techniques. At a particular temperature, the CMC depends on the size of 

each of the constituents in a particular poloxamer. Micellization will generally occur at 

lower concentrations as the molecular weight and ratio of the hydrophobic portion of 

a poloxamer increase. Similarly, at a given concentration, the critical micelle 

temperature (CMT) decreases as the ratio and molecular weight of the POP moiety 

increases (Alexandridis et al, 1994b). For a given POP / POE ratio, poloxamers of 

higher molecular weight form micelles more readily (ie. at lower concentrations and 

temperatures). The weight of the hydrophobe is a more important parameter than the 

weight of the hydrophilic section but a small increase in CMC is observed if the POE 

chains are lengthened for a constant length hydrophobe section (Alexandridis et al, 
1994b). This indicates that micelle formation becomes more difficult as the molecule 

becomes more hydrophilic.

Figure 1.11 Theoretical representations of poloxamer micelle structures
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At elevated poloxamer concentrations (for example, above 35% w/v for poloxamer 

P407 at 15°C), poloxamers may form lyotropic liquid crystalline phases such as cubic, 

hexagonal and lamellar phases, similar to those exhibited by hydrocarbon surfactants 

(Wanka et al, 1994).

1.6.5 Adsorption of poloxamers onto colloids

Poloxamers readily adsorb to hydrophobic surfaces such as polystyrene latex. 

Maximum adsorption occurs at poloxamer concentrations above the CMC. The POP 

moiety of a poloxamer will physically bind to the hydrophobic surface in a loop and train 

structure with the POE moieties extending away from the surface (Scheutjens and 

Fleer, 1979). The loop and chain configuration results in multi-segmental contact, which 

means it is improbable that all bonds will break simultaneously, so a relatively strong 

physical interaction exists between the two surfaces. By this hypothesis, poloxamers 

with relatively long hydrophobic segments are likely to adsorb more effectively than 

those with short hydrophobic segments. This was demonstrated experimentally by 

measuring the diameters of latex microspheres coated with a range of different 

poloxamers (Ilium et al, 1987; Rudt and Müller, 1993).

Jamshaid et al (1988) showed that poloxamers significantly increased the radius of 

EPC SUVs but not to the extent seen with latex microspheres, whilst Wood le et al 

(1992) demonstrated that inclusion of poloxamer in liposomal preparations lead to an 

increase in radius of frozen and thawed extruded liposomes. An increase in leakage 

of an entrapped aqueous marker was also observed suggesting that poloxamers may 

penetrate the bilayer surface and modify bilayer permeability. Moghimi et al (1991) 

found no evidence of poloxamer penetration or adsorption on to solid (gel state) 

vesicles when DSPC SUVs were incubated with poloxamer 407. Results were 

determined using PCS and laser doppler anemometry. Cholesterol was included in 

some formulations to improve the fluid like properties of the phospholipid bilayer. No 

significant increases in mean diameter were detected on inclusion of cholesterol, 

although a reduction in efflux of the aqueous marker was observed (Woodle et al.
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1992). The interaction between poloxamers and liposomes is discussed further in 

section 4.1.1.

1.6.6 Uses of poloxamers in drug targeting

Poloxamers have been shown to reduce phagocytosis when included in model colloidal 

systems (Hum et al, 1987; Rudt and Müller, 1993). Ilium et al (1987) reported that the 

adsorbed layer thickness of poloxamers on polystyrene microspheres increased in 

proportion to the POE chain length. This correlated with an improved inhibition of 

phagocytosis in vitro. Short chain poloxamers, such as PI 08 and P235, did not provide 

an effective steric barrier against phagocytosis in vitro. Rudt and Müller (1993) also 

demonstrated that poloxamers with short POE and POP chains were less effective in 

reducing phagocytosis than those with relatively long chains of POE and POP. 

Optimum reduction in phagocytic uptake was achieved with long chained poloxamers 

such as P407, adsorbed onto small latex particles (60-140 nm). Improved stabilization 

was attributed to an increased adsorbed layer thickness and reduced surface 

hydrophobicity. Ilium and Davis (1984) showed that poloxamer P338 redirected 

intravenously administered polystyrene microspheres from the MPS to other organs 

such as the lungs, spleen and carcass. Hawley et al (1997) reported that lymphatic 

uptake of a subcutaneous injection of biodegradable poly(lactide-co-glycolide) 

nanospheres was enhanced by coating them with poloxamers. In addition to surface 

characteristics, particle size also determines the biodistribution of intravenously 

administered poloxamer coated particles. For example, poloxamer P407 was 

successful in diverting polystyrene nanoparticles smaller than 150 nm to the bone 

marrow, whereas 250 nm particles with an identical coating were mainly sequestered 

by the liver and spleen (Porter et al, 1992b).

Steric hindrance of liposome-opsonin interactions provides a basis for prolonged 

circulation of liposomes, so adsorption of poloxamers to the vesicle surface could 

provide a means of improving liposome circulation times. Studies have shown that 

inclusion of poloxamers to liposome formulations leads to an increase in blood
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circulation time, although not to the extent produced by PEG- derivatives (Woodle et 

al, 1992). This is discussed further in section 4.1.2.

1.7 Aims of the thesis

The general aims of this PhD were to investigate the parameters associated with the 

production of small liposomes by freeze-thaw extrusion and to characterise the nature 

of the interaction of liposomes with POE-POP-POE triblock copolymers (poloxamers). 

Specifically, the aims of the PhD were to improve the understanding of the nature of 

the processes involved during freeze-thawing in order to facilitate the development of 

a reproducible protocol for the production of small uni- or oligolamellar liposomes, in 

the region of 100 nm in diameter, by freeze-thaw extrusion.

In addition, this study aimed to enhance understanding of poloxamer-liposome 

interactions. Poloxamers are amphiphilic, and therefore likely to partition within the 

amphiphilic liposome bilayer. However the specific nature of the interaction has not 

been established. Differential scanning calorimetry was used to systematically study 

the influence of poloxamers on the thermal profile of liposomes at temperatures above 

and below the main phospholipid phase transition in an attempt to gain an insight into 

the localisation of poloxamer molecules. PCS was employed to comprehensively study 

the influence of poloxamer concentration and incubation temperature on the diameter 

of extruded vesicles. In addition, a colourimetric assay was developed with the aim of 

quantifying the amount of poloxamer associated with liposomes following incubation 

under various conditions, in order to determine the conditions at which an optimum 

interaction occurs. Poloxamer samples obtained from different manufactures were 

employed in an attempt to determine whether inter-batch variations alter the way 

poloxamers interact with liposomes. This could prove useful in ascertaining whether 

poloxamers have a future in formulation of long circulating drug delivery systems.
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Chapter Two

Freeze-thaw extrusion of liposomes
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2.1 Introduction

2.1.1 Variable parameters for freeze-thaw extrusion

Cooling rate, particle size, lipid concentration and localisation of any additives all affect 

the crystallization behaviour of water in liposome dispersions (Talsma et al, 1991). Fast 

freezing rates impose a greater force of stress on liposomes than slower ones because 

intraliposomal ice formation is likely at freezing rates greater than 10°C / minute, 

leading to expansion of vesicles’ aqueous phase. For cooling rates over 20°C / minute, 

the probability of intraliposomal ice formation is 100% (Ozer et al, 1988). This, 

combined with contraction of the phospholipid membrane, will mean damaging forces 

are exerted on the liposome. Leakage of streptomycin from EPC MLVs doubled when 

freezing rate was increased from 1 to 1000°C / minute (Higgins et al, 1987). During fast 

freezing, loss of an encapsulated marker and hence membrane damage occurs 

between 0 and -45°C. When the system has solidified, it is stable and no further 

damage occurs (Fransen et al, 1986). An osmotic stress is exerted on liposomes during 

slow freezing in the presence of an electrolyte (Strauss and Ingenito, 1980). Osmotic 

dehydration resulting in shrinkage or ‘flattening’ of vesicles due to osmotic pressure and 

the subsequent loss of bilayer integrity were observed. Leakage of streptomycin from 

EPC MLVs was reported to be higher at low thawing rates (30°C / minute) compared 

with high rates (1000°C / minute) (Fransen et al, 1986).

Thawing is an important parameter because the freeze-thaw protocol described in the 

literature is only effective at improving MLV swelling and hence LUV aqueous 

entrapment values if the sample is thawed at temperatures above the T̂  of the 

liposome suspension (Hope et al, 1986). For the purposes of freeze-thaw extrusion, 

immersion of the frozen liposome preparation in a water bath at 50°C is both sufficient 

and practical, providing the T̂ . of the liposome dispersion is below this temperature.

Very little has been published documenting the effect of varying the number of freeze- 

thaw cycles on the structure of liposomes. ^^P-NMR was used to demonstrate the 

influence of the number of freeze-thaw cycles on distribution of lipid within liposomes.
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After five cycles an equilibrium distribution between lipid and solute (Mn̂ "̂ ) was 

observed (Mayer et al, 1985). Hope et al (1986) demonstrated that the trapped volume 

of EPC MLVs increased in relation to the number of freeze-thaw cycles. A maximum 

trapped volume of 9 pi water per pmol of lipid was recorded at nine cycles, after which 

no further increase in trapped volume was observed. No data has been published 

reporting the effect of varying the time length of each freeze-thaw cycle. However, 

Fransen et al (1986) observed a time dependent leakage of a drug from a liposome 

suspension at -30°C, but below -40°C (homogeneous nucléation temperature of 

Water) the dispersion was shown to be stable over a long period.

2.1.2 Laser diffraction particle size analysis

The diameter of MLVs was assessed using a laser diffraction particle size analyser 

(Malvern 26000, Malvern Instruments, UK). The system uses the Fraunhofer diffraction 

theory to measure particle size from light intensity patterns proportional to the particle 

diameter producing the scatter. A schematic representation of the Malvern 26000 laser 
diffraction analyser is shown in figure 2.1.

Figure 2.1 Schematic representation of the Malvern 2600C laser 
diffraction particle size analyser
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The light source is a helium-neon laser (633 nm wavelength) which is passed through 

the sample cell and interacts with the sample causing light to be scattered with a small 

change in angle. The angle of diffracted light is inversely related to the size of the
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particle. The Fourier transform lens (receiver lens) focuses the diffracted beam onto a 

series of 31 concentric photodetector rings.

Particle size is difficult to quantify because most particles have an irregular shape with 

many dimensions. The principle of Fraunhofer diffraction uses the system of ‘equivalent 

spheres' to overcome irregularities in the shape of particles. Therefore the diameter 

calculated for a specific particle is equal to the diameter of a sphere with an equivalent 

volume. The Fraunhofer theory assumes that particles are opaque and scatter light as 

a disc. In addition, it assumes that particles of different size will scatter light of the same 

intensity. In reality, larger particles scatter light of a much higher intensity than smaller 

particles. High intensity lasers are therefore used to distinguish the low intensity scatter 

produced by small particles from background noise. The Malvern 2600C uses the 

anomalous Diffraction Theory to overcome some of these limitations. This theory is 

similar to the Fraunhofer Theory but assumes that particles are transparent.

Very small particles will not be detected by the analyser since smaller particles scatter 

light at increasingly large angles, ultimately not being collected by the receiver lens or 

may fall only on the outer few detector channels, which poorly sample the diffraction 

pattern . The lower size limit for the Malvern 2600 depends on the focal length of the 

transform lens used. A 63 mm lens was used in the investigations presented in this 

thesis, for which the lower detection limit is approximately 0.8 pm.

2.1.2.1 Practical considerations and interpretation of data

The volume median diameter and distribution span are used to characterise the data 

obtained from the laser diffraction analyser. The volume median diameter, or D(v, 0.5), 

is the diameter above and below which 50% of the volume of particles lie. The span is 

a measure of the width of the volume distribution relative to the median diameter. It is 

a dimensionless number and is calculated using equation 2.1:
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D(v, 0 .9 )-D(v, 0.1)
Span=   Equation 2.1

D(v, 0.5)

where D(v, 0.9) and D(v, 0.1) are the diameters below which 90% and 10% of the 

volume of particles lie.

2.1.3 Photon correlation spectroscopy (PCS)

PCS is a laser light scattering technique also known as quasi-electric light scattering 

(QELS) or dynamic light scattering (DLS). Colloidal particles are in constant random 

thermal, or Brownian motion. An intense monochromatic light source is used to 

illuminate a suspension of colloidal particles, which cause the light to be scattered. 

Brownian motion causes the intensity of light scattered from the particles to vary with 

time. The size of a particle affects the magnitude of Brownian motion, with small 

particles moving more quickly than large ones. Hence particle size affects the intensity 

of the light scattered. PCS uses information regarding the rate of change of the light 

fluctuations to determine particle size. Although Brownian motion is random in 

character, particle movement is by diffusion, so fluctuations give information about the 

diffusion coefficient (D). The diffusion coefficient effectively defines an area as a 

function of time, into which a population of particles will spread. The larger the diffusion 

coefficient the more rapidly, at a given angle, the scattered intensity will vary (Pusey 

et al, 1974). From the diffusion coefficient and a knowledge of the viscosity, refractive 

index and temperature of the suspending medium, the equivalent diffusional spherical 

diameter (d) of the particles may be determined using the Stokes-Einstein equation 

(equation 2.2 ).

k.T
D= ______  Equation 2.2

Sn.q.d

where n is the viscosity of the surrounding medium, T is temperature and k is the
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Boltzmann constant. To extract D from the noise frequency spectrum, the frequency 

spectrum must be found. is dependent on the frequency of the light source, 

and the scattering vector (q) which itself is related to the angle of incidence of the 

incident light.

A typical PCS instrument, the Malvern Autosizer 2c (Malvern instruments, UK), uses 

a 5 mW helium-neon laser (633 nm) to illuminate a sample held in a transparent 

cuvette in a temperature controlled chamber. The temperature of the cell may be 

adjusted in increments of 0.1 °C. Light is scattered from the suspended particles at an 

angle of 90° to the incident beam and is detected by a photomultiplier through an 

adjustable aperture. The photomultiplier takes advantage of the discrete, or photon, 

nature of detected light to determine the time range over which the intensity fluctuations 

are correlated (Pusey et al, 1974). Light is detected by the photomultiplier as individual 

photons (or photocounts). Each photon produces a short electronic pulse which is 

relayed to a digital correlator and associated microcomputer. Correlation is a powerful 

technique for extracting the specific frequency spectrum from the detected intensity of 

a particular suspension. The correlator functions by digitally counting photons rather 

than measuring light intensities, ie. light intensity is recorded by counting the number 

of individual photons arriving over a particular time span. The Malvern autosizer 2c 

operates with 64 correlator channels, each of which measures changes in light 

fluctuation over a different time span (called the sample time or delay time). For very 

short time delays, the change in light level is small as the particles have not had time 

to move very far. In statistical terms, the positions of the particles over short times are 

highly correlated. For very long delays, the positions of the particles will be completely 

random when compared with their initial positions and, statistically speaking, are not 

correlated at all (Pusey et al, 1974). Correlation measurements are started at short time 

delays (of the order of 100 ns) so that the product of intensities at short delays is high, 

ie. the degree of correlation is high. Each particle produces an exponentially decaying 

correlation function, so if the delay time is optimised for small particles then data will 

be missed for large particles. This problem is overcome by dividing a 64 channel 

correlator into four 16 channel sub-correlators, each of which has a fundamental delay 

time which is a geometric factor (called the dilation, usually = 4) greater than the
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previous one. For example if the first sub-correlator has delay times from 1 to 16 ps, 

the second will have delay times from 4 to 64 ps, the third from 16 to 256 ps and the 

fourth from 64 to 1024 ps (Autosizer 2c Users Manual, Issue 3). This ‘parallel’ analysis 

technique generates accurate accumulation of information about both small and large 

particles. A diagrammatic representation of equipment used in PCS is shown in figure 

2 .2 .

Figure 2.2 Schematic representation of typical apparatus 
used in photon correlation spectroscopy
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2.1.3.1 Practical consideration and interpretation of data

The PCS software expresses size as mean Z diameter. This term can be regarded as 

mean diameter weighted according to light scattering intensity (Washington, 1992). 

Intensity weighted distributions relate to, but will not exactly match, the actual diameters 

of particles. However, they give consistent size distributions that are extremely useful 

in comparative work. Mass weighted distribution can be derived but the strong 

dependence of scattering intensity on diameter causes the process to magnify errors 

(Washington, 1992). Theoretically, particles with diameters from 3 to 3000 nm can be 

measured. In practice, analysis of very small particles becomes increasingly difficult, 

and the lower limit will depend on the strength of the laser and the refractive qualities 

of the sample.
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A polydispersity index is also calculated by the method of cumulant analysis (Koppel, 

1972). The PCS software calculates polydispersity by measuring the first few moments 

(or cumulants of the decay rate) of the distribution, thus providing information on the 

width and skewness of the distribution (Koppel, 1972). The polydispersity index of a 

distribution ranges from 0 and 1. Dispersions with a polydispersity of 0.1 or less can be 

regarded as effectively monodisperse (Elorza et al, 1993). The particle diameter of a 

sample should be confined to a measurable size range. Generally submicron particles 

are well characterised but the accuracy of PCS is limited when using highly 

polydisperse systems (Ho, 1989). Errors can be caused by convection, which disturbs 

the random Brownian motion of a sample. Therefore samples should be allowed to 

equilibrate with the cell holder and sample chamber before measurement. In addition, 

a series of repeat measurements for each replicate will help to reduce the potential 

error caused by convection in the sample. Particles such as dust scatter large amounts 

of light and are easily detected since they cause the input count to jump. However, this 

light will not be correlated and therefore will not affect measurement of mean sample 

particle diameters, although it may cause inaccuracies in the measurement of 

polydispersity (Washington, 1992). Filtration of samples before analysis reduces the 

incidence of erroneous measurements. The viscosity and refractive index of solvents 

such as water are temperature dependent, so their value at a particular temperature 

should be entered into the PCS software before analysis.

2.2 Materials and methods

2.2.1 Purification of egg phosphatidylcholine (ERG)

EPC (Lipoid Ltd, Italy) was refined by chromatographic purification (Bangham et al, 

1974). A glass chromatography column (60 cm by 2.5 cm internal diameter) fitted with 

a tap, plugged with glass wool (BDH, UK) above the tap was half filled with chloroform 

(AnalaR®, BDH, UK). Neutral aluminium oxide (BDH, UK) was slowly added and 

allowed to settle to form a packing 50 cm in depth. 10 g of raw EPC (=85% pure) was 

dissolved in a minimum volume of chloroform and carefully added to the top of the
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column. The column was then eluted with 100 ml chloroform: methanol (HiperSolv™, 

BDH, UK) (8:1) to remove impurities and pigments such as free fatty acids and 

phosphatidylethanolamine. Purified EPC was eluted from the column with 240 ml 

chloroform:methanol (3:1) and collected as 20 ml fractions. Small volumes of each 

fraction were spotted onto a silica gel thin layer chromatography (TLC) plate and eluted 

in a glass chromatography tank with a mobile phase of chloroform: methanol: water 

(14:6:1). The TLC plate was sprayed with a 5% w/v ethanolic solution of 

phosphomolybdic acid (Sigma chemicals Ltd, UK) and incubated at 110°C for 15 

minutes. Phospholipids were visualised as black spots on the developed plate. 

Fractions containing phospholipids were combined and placed in a pear shaped flask 

(Büchi Ltd, Switzerland) and evaporated to dryness at reduced pressure on a rotary 

evaporator (Büchi Ltd, Switzerland). The purified EPC was dissolved in the smallest 

volume of warm butanone (AnalaR®, BDH, UK) and then recrystallized by addition of 

acetone (BDH, UK). The purified EPC was stored under acetone at -20°C until 

required.

2.2.2 Preparation of multilamellar vesicles

A modification of the traditional method (Bangham et al, 1965) was used. Purified EPC 

with or without cholesterol (99%+ pure. Sigma Chemicals Ltd, UK) was dissolved in 

chloroform (10 mg/ml) and the organic phospholipid solution was placed in a 100 ml 

or 250 ml pear shaped flask. The flask was placed on a rotary evaporator (Büchi Ltd, 

Switzerland) at reduced pressure and organic solvent removed at 40°C such that a thin 

film of dry lipid was deposited on the inner wall of the flask. A uniform film was 

produced by turning the rotary evaporator to high speed after two minutes evaporation. 

After a further twenty minutes the flask was flushed with nitrogen gas for one minute 

to ensure complete removal of organic solvent. Deionized water (WP 700, Whatman, 

UK) used to prepare liposomes was further purified by passage through an Elgastat 

UHQ-PS unit (Elga Ltd, UK). The bi-distilled water was added to the lipid film with three 

glass beads to aid dispersion of the lipid. The film was hydrated by gentle agitation at 

40°C until no lipid remained on the wall of the flask. The hydrated phospholipid
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suspension was then transferred to a 100 ml stoppered conical flask and placed in a 

water bath at 40°C for thirty minutes. The flask was then shaken on a mechanical 

agitator for ten minutes at a pre-determined speed to produce multilamellar liposomes 

(MLVs) which were annealed for thirty minutes at 40°C. Finally the preparation was 

agitated for ten minutes as before and then stored overnight under nitrogen at 4°C. 

Unless othen/vise stated the lipid concentration in liposome preparations was 10 mg/ml.

2.3 Freeze-thaw extrusion materials and methods

2.3.1 Standardization of median diameter of MLVs by repeated extrusion

Repeated extrusion through a polycarbonate filter was conducted to reduce and 

standardize vesicle size. EPC or EPC / cholesterol (chol) (1:1 molar ratio) MLVs were 

repeatedly passed through a 2 or 5 pm pore polycarbonate filter (Cyclopore Ltd.) held 

in a 25 mm filter holder attached to a 60 ml syringe. The diameter of extruded MLVs 

was measured using a laser diffraction particle size analysis (Malvern 2600C, Malvern 

Instruments, UK) with a 63 mm lens.

2.3.2 Freeze-thawing of MLVs

EPC and EPC / chol (1:1) MLVs were extruded through polycarbonate filters (as 

described in section 2.3.1) to standardize vesicle diameter, and sized using laser 

diffraction analysis. 4 ml of each dispersion was dispensed into 20 ml liquid scintillation 

vials (FBG-Trident Ltd., UK.) and quench frozen in liquid nitrogen at -196°C for the 

specified duration. The vials were transferred immediately to a water bath and held at 

50°C for an equal duration. The freezing and thawing process was repeated for a 

specified number of cycles. The frozen and thawed MLVs (FATMLVs) were kept at 

room temperature in sealed containers for one hour before size analysis by laser 

diffraction analysis. All freeze-thaw experiments were performed in triplicate with the 

mean of the three determinations (± standard deviation [s.d.]) presented in the resultant
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figures.

2.3.2.1 Varying freeze-thaw cycle length

A fixed number of freeze-thaw sequences (10 cycles) was used to investigate the effect 

of freeze-thaw cycle length on vesicle diameter and size distribution. EPC and EPC / 

chol (1:1) MLVs were frozen in liquid nitrogen for between 1 and 5 minutes and then 

transferred to the water bath and thawed for an equal duration. The process was 

repeated a further nine times.

2.3.2 2 Varying the number of freeze-thaw cycles

A constant cycle length was used (3 minute freeze followed by 3 minute thaw) to 

investigate the effect of changing the number of freeze-thaw cycles on median 

diameter and size distribution of EPC and EPC / chol (1:1) MLVs. Samples were 

subjected to between 1 and 20 freeze-thaw cycles.

2.3.3 Standardised freeze-thaw procedure

Subsequent experiments used a standardised freeze-thaw protocol to investigate the 

influence of external agents on the size distribution of freeze-thawed liposomes. MLVs 

were extruded through polycarbonate filters, as described in section 2.3.1. Each 

dispersion (4 ml) was frozen for 3 minutes at -196°C in liquid nitrogen and then thawed 

for 3 minutes at 50°C in a water bath. The cycle was repeated four times.
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2.3.4 Influence of an electrolyte on the freeze-thawing process

EPC or EPC / chol (1:1) MLVs were dispersed in aqueous sodium chloride solutions 

to investigate the influence of an electrolyte on the diameter of FATMLVs. MLV 

suspensions were produced by the method described in section 2.2.2 using 0.1 M, 0.5 

M and 1.0 M NaCI (BDH, UK) solutions as the aqueous phase. Suspensions were 

extruded (either 50 times through a 5 pm pore polycarbonate filter or 10 times through 

a 2 pm pore filter) to standardize their vesicle diameter, before being subjected to 5 

freeze-thaw cycles, as described in section 2.3.3. Each sample was sized before and 

after the freeze-thaw protocol using laser diffraction analysis.

2.3.5 Effect of cholesterol concentration on the diameter of FATMLVs

EPC MLV preparations were produced by the method described in section 2.2.2. The 

influence of cholesterol concentration on mean diameter of FATMLVs was investigated 

by including 10, 20, 30 and 50 mol % cholesterol in some preparations. Vesicles were 

extruded ten times through a 2 pm pore filter and then subjected to five freeze thaw 

cycles, as described in section 2.3.3. Samples were sized using laser diffraction 

analysis (section 2.3.1) before and after the freeze-thaw protocol.

2.3.6 Poloxamers included in liposome formulations

Poloxamers P I88, P338 and P407 were obtained from two different manufacturers 

and, in keeping with established practice (Alexandridis et al, 1994b), used as received. 

Published structural details and CMC data of poloxamers are shown in table 2.1. 

Details of alternative nomenclature (Pluronic® system) and supplier of each poloxamer 

sample are shown in table 2.2.
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Table 2.1 Structural details and published CMC data for P I88, P338 and P407 

(Sources: Alexandridis et al, 1994b; Buckton and Machiste, 1996)

Parameter P188 P338 P407

POE units 2 x 7 5 2x128 2 x9 8

POP unit 30 54 67

Mwt (nominal) 8,350 14,000 11,500

CMC (% w/v) at 

20°C 4

25°C - 4.5 0.7

30°C - 0.8 0.1

35°C - 0.15 0.025

40°C 7 0.04 0.008

45°C 3 0.008 -

Table 2.2 Details o f poloxamers used in interaction experiments

Poloxamer
F number 

(Pluronic® system)
Supplier

Poloxamer P338 F108 ICI, France

Poloxamer P407 F127 ICI, France

Poloxamer PI 88 F68 Blagden chemicals, UK

Poloxamer P338 FI 08 Blagden chemicals, UK

Poloxamer P407 F127 Blagden chemicals, UK

2.3.6.1 Effect of poloxamers on the diameter of FATMLVs

EPC MLV preparations were produced by the method described in section 2.2.2, and 

vesicles were extruded ten times through a 2 pm pore filter. Poloxamers P338 (ICI),
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P407 (ICI), P338 (Blagden), P407 (Blagden) and P188 (Blagden) were added to some 

formulations at a concentration of 0.5% w/v following production of liposomes and 

incubated at 25°C for 2 hours in a shaking water bath (Type 3330, Grant instruments, 

UK) before being subjected to five freeze thaw cycles, as described in section 2.3.3. 

Samples were sized using laser diffraction analysis before and after the freeze-thaw 

protocol.

2.3.6 2 Effect of poloxamer concentration on the diameter of FATMLVs

EPC MLVs were produced by the method described in section 2.2.2 using 1.0 M NaCI 

solution as the aqueous phase. Vesicles were extruded ten times through a 2 pm pore 

filter. Poloxamers P338 (ICI) and P407 (Blagden) were added to some formulations at 

concentrations of 0.05, 0.1, 0.2, 0.3, 0.5 and 1.0% w/v and incubated at 25°C for 2 

hours in a shaking water bath (Grant instruments, UK) before being subjected to five 

freeze thaw cycles, as described in section 2.3.3. Samples were sized using laser 

diffraction analysis (section 2.3.1).

2.3.7 Effect of freeze-thawing on the mean diameter of liposomes following 

extrusion through 100 nm pore filters

EPC MLV preparations were produced by the method described in section 2.2.2 and 

some samples were subjected to five or ten freeze-thaw cycles (3 minute freeze / 3 

minute thaw). All preparations were then extruded at 100 psi pressure by a stream of 

nitrogen gas (BOC, UK) through 100 nm pore filters with a 47 mm diameter (Poretics, 

Livermore, USA) held in a stainless-steel cell (Liposofast®, Avestin Ltd., Canada). 

Preliminary experiments indicated that extrusion through a single filter before extrusion 

through double stacked filters gave the most satisfactory results by reducing the 

likelihood of double stacked filters becoming blocked. Extrusion through double stacked 

filters quickly produced small vesicles and reduced the possibility of defects in a single 

filter affecting results. Samples were retained for analysis at pre-determined intervals
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and were sized using PCS (Autosizer 20, Malvern instruments, UK). Accuracy of the 

PCS instrument was checked using two monodisperse aqueous dispersions of latex 

(polystyrene) beads with respective diameters of 94 ± 13 nm and 114 ± 20 nm (Sigma 

Chemicals Ltd, UK).

2.3.7.1 Investigation of phosphoiipid retention on fiiters during extrusion

Polycarbonate filters were weighed before and after extrusion to determine whether 

phospholipid was retained on the filter. EPC MLVs (40 ml) were extruded twice through 

a single filter and then ten times through two (double stacked) filters. Before extrusion 

the total mass of filters was measured on a Sartorius balance (type 1702, Sartorius 

Ltd., Germany). After extrusion, filters were dried for 24 hours in a vacuum oven at 

50°C and then re-weighed. The difference in filter masses was recorded and the 

experiment was repeated twice. The mean of the three determinations was taken to be 

mass of phospholipid retained by the filter. Samples were sized using PCS as 

described in section 2.3.7.

2.3 7.2 Effect of lipid concentration and inciusion of cholesterol on the mean 

diameter of 100 nm extruded vesicies

EPC MLVs were subjected to five freeze-thaw cycles as described in 2.3.3 and then 

extruded ten times through two 100 nm pore filters after two extrusion passes through 

a single 100 nm pore filter. In some preparations, lipid concentration was varied from 

10 to 100 mg/ml. In other preparations, cholesterol was included at 10, 20 or 50 molar 

percent.

2.3.8 Freeze-fracture electron microscopy

Freeze-fracture electron microscopy was conducted to help assess the lamellarity of
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vesicles subjected to freeze-thaw extrusion. Freeze-fracturing of liposomes was 

performed according to the methodology of Müller et al (1980). About 1 pi of a 

liposome dispersion was sandwiched between two copper platelets using a 400-mesh 

gold grid as spacer. The suspensions were then rapidly frozen in a propane jet at - 

180°C and fractured at -150°C at a jet pressure of 2 x 10‘̂  mbar in a freeze-fracturing 

apparatus (BAR 300, BAL-TEC Inc., Liechtenstein). The fractured liposomes were then 

shadowed with 2 nm platinum / carbon at angles of 20, 45 and 70° followed by 10 nm 

carbon at 90° to produce replicas that were subsequently viewed on a Phillips EM 301 

electron microscope (Phillips, Holland).

2.4 Results and discussion

2.4.1 Standardization of median diameter of MLVs by repeated extrusion

2.4.1.1 Extrusion through a 5 pm pore polycarbonate filter

Initial mean (± s.d.) volume median diameters (VMDs) of 7.3 ± 0.6 pm and 7.1 ± 0.7 pm 

were obtained for EPC and EPC / chol (1:1) MLVs before extrusion. An exponential 

decrease in mean VMD was observed on repeated extrusion (figure 2.3). After 5 

extrusion passes a size decrease of 18.5 ± 4.0 % was observed for EPC MLVs with a 

25.0 ±5.1 % reduction in distribution span (figure 2.4). Similar results were seen for 

EPC / chol (1:1) MLVs (figures 2.3 and 2.4). Only very small further decreases in mean 

VMD and distribution span were observed after 40 extrusion passes. Mean VMDs of 

3.9 ±0.1 pm and 4.5 ±0.1 pm were obtained for EPC and EPC / chol (1:1) MLVs 

following 50 extrusion passes. The fact that mean VMDs were lower than the pore 

diameter of the filter, suggests that vesicles smaller than 5 pm existed in the original 

suspension. In addition, it is possible that some bilayers squeezed off during extrusion 

may have reformed to form vesicles with diameters less than the diameter of the pore. 

Subsequent experiments used vesicles extruded 50 times through a 5 pm pore filter 

and these were termed ‘5 pm standardized vesicles'.
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Figure 2.3 Mean VMD of MLVs repeatedly extruded through a 5 pm
pore polycarbonate filter (n=3 ± s.d.)
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Figure 2.4 Mean distribution span of MLVs repeatedly extruded 
through a 5 pm pore polycarbonate filter (n=3 ± s.d.)
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2.4.1.2 Extrusion through a 2 pm pore polycarbonate filter

Initial mean VMDs of 8.8 ± 1.0 pm and 8.1 ± 1.0 pm were obtained for EPC and EPC 

/ chol (1:1) MLVs before extrusion. These values are higher though not significantly 

different (p<0.05) from liposomes of identical composition described in section 2.4.1.1. 

This highlights the variation in vesicle diameter following production by hydration of a 

thin phospholipid film and emphasizes the importance of standardizing vesicle 

diameter. An exponential decrease in mean VMD was observed on repeated filtration 

through a 2 pm pore polycarbonate filter (figure 2.5), but the size reduction was much 

more rapid than that obtained with a 5 pm pore filter. After 5 extrusion passes a size 

decrease of 67.3 ± 3.6 % was observed for EPC MLVs with a 55.6 ± 2.6 % reduction 

in distribution span (figure 2.6). This represents a greater percentage decrease than 

for liposomes extruded 5 times through a 5 pm pore, due to the smaller pore size of the 

filter and the initial mean VMD of liposomes extruded through 5 pm pore. Similar 

reductions were obtained for EPC / chol (1:1) MLVs (figures 2.5 and 2.6).

Figure 2.5 Mean VMD of MLVs repeatedly extruded through a 2 pm  
pore polycarbonate filter (n=3 ± s.d.)
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No further reductions in mean VMD and distribution span were observed after 10 

extrusion passes. Mean VMDs of 2.27 ±0.1 pm and 2.43 ± 0.2 pm were obtained for 

EPC and EPC / chol (1:1) MLVs following 10 extrusion passes. Subsequent 

experiments used vesicles extruded 10 times through a 2 pm pore filter and these were 

termed ‘standardized vesicles'.

Figure 2.6 Mean distribution span o f MLVs repeatedly extruded 
through a 2 pm pore polycarbonate filter (n=3 ± s.d.)
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2.4.2 Influence of experimental parameters on freezing and thawing MLVs

The freeze-thaw cycle length (1 to 5 minutes) and number of freeze-thaw cycles (1 to 

20 cycles) were systematically changed to determine the conditions that have an 

optimum influence on the diameter of MLVs. The results indicate that the behaviour of 

liposomes during freezing and thawing is complex.
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2.4.2.1 Effect of changing freeze-thaw cycle length

Changing the length of each freeze-thaw cycle lead to small differences in the mean 

VMD of 5 |jm standardized EPC MLVs (figure 2.7). All size reductions were small but 

statistically significant (p<0.05). For example, the mean VMD was reduced by 17.6 ±

1.6 % following ten ‘3 minute’ freeze-thaw cycles. The greatest size reduction was 

observed at the longest cycle length. A higher mean VMD value was obtained for the 

‘2 minute’ freeze-thaw cycle than for other cycle lengths. However, this was not 

significantly different from diameters obtained for the other cycle lengths (p<0.05). 

Macroscopically, it was observed that frozen suspensions had not completely melted 

after 2 minutes. Substantial membrane damage occurs between 0 and -45°C (Fransen 

et al, 1986), so liposomes that remain frozen may not have been exposed to the most 

damaging conditions when the respective sample was re-immersed in liquid nitrogen, 

accounting for a smaller reduction in apparent vesicle size. Mean distribution span 

increased as cycle length increased (figure 2.8). Mean distribution spans of all FATMLV 

preparations were significantly higher than the mean span of the non freeze-thawed 

sample (p<0.05) and tended to increase with cycle length.

Figure 2.7 Influence of freeze-thaw cycle length on the mean VMD of MLVs 
extruded 50 times through a 5 ym pore filter then freeze-thawed 10 times 
(n=3 ± s.d.)
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Freeze-thawing also promoted small changes in the mean VMD of EPC / chol (1:1) 

MLVs. However, the influence of cholesterol is unclear from this data. For example, a 

small increase in mean VMD (3.0 ± 0.6 %) was observed following ten ‘2 minute' 

freeze-thaw cycles but a reduction in mean VMD of 15.8 ± 3.2% was observed 

following ten ‘3 minute’ freeze-thaw cycles.

Figure 2.8 Mean distribution span o f 'standardized’ MLVs subjected 
to different length freeze-thaw cycles (n=3 ± s.d.)
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The 2 pm standardized EPC MLVs were not reduced in diameter following freeze- 

thawing (figure 2.9). The duration of each freeze-thaw cycle had no clear influence on 

the mean VMD of FATMLVs. Small but significant increases in diameter were detected 

following 1 and 3 minute freeze-thaw cycles but not at other cycle lengths (p<0.05). For 

example, mean VMD increased by 24.5 ± 0.8 % following ten ‘3 minute’ freeze-thaw 

cycles but decreased by 7.1 ± 6.8 % following ten ‘2 minute’ freeze-thaw cycles. It 

appears, from comparison of these results and those obtained for 5 pm ‘standardized’ 

liposomes that the initial vesicle diameter may influence the change in diameter 

promoted by freeze-thawing.
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Figure 2.9 Influence of freeze-thaw cycle length on the mean VMD of MLVs
extruded 10 times through a 2 gm pore filter then freeze-thawed 10 times
(n=3 ± s.d.)
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The mean VMD of all standardized 2 pm EPC / chol (1:1) MLVs significantly increased 

following repeated freeze-thawing (p<0.05) (figure 2.9). For example, mean VMD 

increased by 110.9 ± 33.7 % following ten ‘2 minute’ freeze-thaw cycles. However, the 

most dramatic size increase was observed for samples subjected to ten ‘3 minute’ 

freeze-thaw cycles. The analysis was repeated an additional five times for this data 

point (ie. n=8), and the effect was reproduced. The mean VMD of vesicles subjected 

to this protocol increased by 473.0 ± 64.4 % following freeze-thawing, suggesting that 

cholesterol facilitated the formation of larger liposomes or aggregates during freeze- 

thawing. This contradicts the results obtained for 5 pm standardized vesicles, again 

suggesting that initial vesicle diameter may be important. Cholesterol modifies the 

physical structure of phospholipid bilayers. At temperatures above the main gel to liquid 

crystalline phase transition, cholesterol restricts bilayer permeability and the movement 

of the hydrocarbon chains (Oldfield and Chapman, 1972). Therefore EPC / chol 

bilayers will be more rigid than EPC bilayers. The inclusion of cholesterol reduces the 

water permeability and compressibility of liposome bilayers (Finklestein and Cass, 

1967), decreasing their ability to withstand internal expansion due to ice formation
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(MacDonald and MacDonald, 1993), and causing bilayers to rupture during freeze- 

thawing. New liposomes would form as bilayer fragments re-assemble. The increase 

in mean VMD for 2 pm EPC / chol MLVs indicates that larger structures were formed. 

In addition, cholesterol has been reported to induce aggregation and fusion on freeze- 

thawing of DPPC liposomes (Henry-Michellard et al, 1985). It is possible that the 

increase in size observed here is due to aggregation and subsequent fusion of vesicles.

The importance of freeze-thaw cycle length is unclear, but it is possible that the 3 

minute freeze / 3 minute thaw cycle did not allow time for liposome fragments to re

assemble. In this case, as each cycle was completed, fragments would have suffered 

further freeze-thaw damage before re-assembling. At the end of the freeze-thaw 

protocol, vesicles would re-anneal to form larger liposomes or liposome aggregates. 

Vesicles exposed to longer freeze-thaw cycles had more time to re-assemble during 

the thaw stage of each cycle, and this may be reflected by smaller increases in 

diameter. Samples exposed to 1 and 2 minute freeze-thaw cycles did not completely 

melt during the thaw stage of each cycle and therefore a proportion of vesicles were 

not exposed to damaging conditions during re-freezing. Consequently the mean VMDs 

of these FATMLVs were not as high as those exposed to 3 minute freeze-thaw cycles.

The mean distribution spans of EPC and EPC / chol (1:1) MLVs extruded through 2 pm 

pore filters were significantly higher (p<0.05) than those of the control sample (with the 

exception of EPC and EPC / chol preparations subjected to the ‘2 minute’ freeze-thaw 

protocol) (see figure 2.8). The mean distribution spans of EPC and EPC / chol (1:1) 

MLVs extruded through 2 pm pore filters were higher than those for vesicles extruded 

through 5 pm pore filters (see figure 2.8). This suggests that freeze-thawing had a 

greater influence on the smaller liposomes, although spans for 2 pm standardized 

vesicles were also higher prior to freeze-thawing.
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2.4 2.2 Effect of changing the number of freeze-thaw cycles

The mean VMD of all 5 |jm ‘standardized’ EPC MLV preparations significantly 

decreased (p<0.05) following repeated freeze-thawing (with the exception of 

preparations freeze-thawed 5 times) (figure 2.10). The diameter of the resultant 

FATMLVs decreased as the number of freeze-thaw cycles was increased. For 

example, mean VMD decreased by 12.9 ± 0.4 % and 65.6 ± 2.8% following 10 and 20 

freeze-thaw cycles respectively.

The number of freeze-thaw cycles had no clear influence on the mean VMD of frozen 

and thawed 5 pm standardized EPC / chol MLVs (figure 2.10). No significant reductions 

in diameter were observed following freeze-thawing (p<0.05). Indeed, small but 

significant increases in mean VMD were detected after 5 and 10 cycles (p<0.05). In 

addition, mean distribution spans were not significantly different to that of the control 

sample (p<0.05) (figure 2.11). This suggests that cholesterol may have increased the 

resistance of the 5 pm EPC liposomes to the damaging effects of freeze-thawing.

Mean distribution span increased for all 5 pm standardized EPC preparations (figure 

2.11). The increase in span may be associated with the formation of new vesicles 

during freeze-thawing. This population are likely to have a larger size distribution since 

the diameter of newly formed liposomes will not have been standardized by extrusion 

through filters. An increase in mean distribution span could also be indicative of vesicle 

aggregation. However, aggregation is unlikely in this instance since the increase in 

span was not associated with a corresponding increase in vesicle diameter. Considered 

alone, this result suggests that freeze-thawing damages the bilayers of 5 pm EPC 

MLVs producing a population with a lower VMD.
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Figure 2.10 Influence o f the number o f freeze-thaw cycles on the mean 
VMD of 5 ijm  'standardized' MLVs (n=3 ± s.d.)
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Figure 2.11 Mean distribution span of 5 pm and 2 pm 'standardized' 
MLVs after repeated freeze-thawing (n=3 ± s.d.)
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A combination of events occurring during freeze-thawing may influence the diameter 

of FATMLVs. Mayer et a! (1985) reported increases in water and aqueous solute 

content of liposomes during freeze-thawing. This was reflected by large increases in 

trapped volume. The mechanism that enhances swelling is unclear but may be related 

to the physical disruption of lamellae by internal ice crystal formation (Hope et al, 

1986). It is possible that some liposomes (for example, those subjected to 5 freeze- 

thaw cycles) were swollen whilst maintaining the general integrity of their bilayers 

during freeze-thawing. Vesicles with relatively ‘elastic’ bilayers would be more likely to 

maintain long-range order than liposomes with more rigid bilayers. By this hypothesis, 

a size increase during freeze-thawing would be due to an increase in the internal 

volume of liposomes due to an increase in water content. The equilibrium water content 

of the aqueous spaces between the lamellae of EPC MLVs is determined by the sum 

of the attractive and repulsive forces between the bilayers (Parsegian et al, 1979; 

Rand, 1981). If the bilayers of EPC MLVs dispersed in bi-distilled water maintained 

their integrity during freeze-thawing, one would not expect swelling to occur by this 

mechanism unless the aqueous compartments had not previously hydrated to 

equilibrium levels (for example, between bilayers towards the centre of the vesicle). 

Additionally, if freezing and thawing was to enable a liposome to quickly reach 

maximum hydration throughout its aqueous compartments, it would require the 

formation of a transient state in which a partial loss of the barrier properties of the 

bilayer occurred. Ice crystals may cause some discontinuities in the bilayer structure, 

through which water could more readily pass. On thawing, a partially damaged bilayer 

could hypothetically reseal or fuse with a liposome / bilayer fragment with which it came 

into contact.

During slow freezing of a liposomal system, vesicles become more concentrated in the 

remaining liquid phase as water solidifies. They finally become immobilized in a 

completely solid matrix. This, and expansion of aqueous compartments due to ice 

formation within the liposomes, will damage the integrity of phospholipid membranes 

and promote increased membrane permeability and subsequent leakage of aqueous 

solutes. The flash freezing procedure (to -196°C in liquid nitrogen) used in this study 

means that the system will freeze extremely quickly. Therefore, an increased
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concentration of liposomes in the liquid phase will occur only briefly, and to a much 

lesser extent than with slow freezing (Bakas and Disalvo, 1991). The probability of 

vesicle-vesicle contact is lower and signifies that the most important factor during fast 

freezing is damage to phospholipid membranes caused by internal ice formation. 

Liposomes may fragment and re-assemble to form new liposome structures because 

each fragment exposes a hydrophobic region of the bilayer at its edge. This state is 

energetically unfavourable and causes the bilayer fragment to bend and seal to form 

a liposome (Lasic, 1988). This may involve lipid exchange and fusion with other bilayer 

fragments.

It has been observed that SU Vs become micron sized after three freeze-thaw cycles 

before decreasing to an intermediate size of 700 nm with several bilayers (Tsao and 

Huang, 1985). This suggests that an equilibrium condition may exist, with small vesicles 

being increased in diameter and large vesicles reduced in size. It adds evidence to the 

assertion that the disruption of vesicles may be related to the relative thermodynamic 

stability of liposomes of a particular size. SUVs are metastable due to the strain created 

by the small radius of curvature. Abnormalities in phospholipid packing may promote 

inter-membrane fusion as a means of relieving unfavourable packing constraints. This 

occurs particularly around the T̂  and at low temperatures due to the hydrocarbon 

chains existing in a rigid, but highly disordered state below the T̂  because of very tight 

packing within the bilayer (especially the inner monolayer) (Gibson and Strauss, 1984). 

Therefore, freeze-thawing induces lipid exchange and consequently fusion of SUVs to 

create a mixture of LUVs and MLVs. It is important to appreciate that this type of fusion 

is driven by a change in internal packing forces (intra-vesicle forces) and not by inter

vesicle forces (Israelachvili, 1992). Although the phospholipid bilayers of larger vesicles 

will still be damaged by freeze-thawing, they are more stable since there is higher 

radius of curvature on the relatively planar phospholipid membranes. Therefore larger 

vesicles may not rupture as readily as smaller liposomes.

A reduction in size could result from bilayers fragmenting, breaking off and then 

subsequently resealing to form smaller liposomes. It follows that the size change will 

be related to the initial vesicle size. For instance, EPC MLVs standardized by repeated
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extrusion through a 5 pm pore filter were reduced in size after 10 freeze-thaw cycles 

whereas those standardized by extrusion through a 2 pm pore filter increased in 

diameter following freeze-thawing (see figure 2.12). It can be hypothesized that 

standardized 5 pm vesicles subjected to 15 or 20 freeze-thaw cycles have reached an 

equilibrium or near equilibrium diameter because there is no significant size difference 

between them.

The mean VMD of all 2 pm standardized EPC MLVs increased following freeze-thawing 

(figure 2.12). Size increases of 1.15 pm or less were observed but all increases were 

statistically significant (p<0.05). In addition, the mean distribution spans of FATMLVs 

were all significantly higher than non freeze-thawed control samples (p<0.05), 

suggesting that a new, wider distribution of liposomes was formed (see figure 2.11). 

The effect of changing the number of freeze-thaw cycles is difficult to interpret from this 

data since no distinguishable pattern was followed as the number of cycles was 

increased. Mean VMD did not change significantly (p<0.05) as the number of freeze- 

thaw cycles was increased above 10 cycles, so it is conceivable that the samples had 

reached an equilibrium diameter. Destructive forces caused by intra-liposomal ice 

formation may have broken down liposomal bilayers which then re-assembled to form 

new vesicles. If all vesicles formed before freeze-thawing were broken down to infinitely 

small fragments then the initial vesicle size would be unimportant. However, since the 

diameter of FATMLVs appears to relate to pre freeze-thaw diameter, it is likely that the 

phospholipid bilayers maintained some order following disruption by freeze-thawing.

The mean VMD of 2 pm ‘standardized’ EPC / chol MLVs substantially increased 

following freezing and thawing (figure 2.12). The diameter of resultant FATMLVs 

increased as the number of freeze-thaw cycles was increased to 5 cycles. Subsequent 

increases in the number of cycles promoted no further increase in vesicle diameter. 

Indeed, mean VMDs appeared slightly smaller than after 5 cycles, although differences 

were not statistically significant (p<0.05). Again it appears that an equilibrium situation 

was reached after which further freeze-thaw cycles had little effect on diameter.
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Figure 2.12 Influence of the number of freeze-thaw cycles on the mean
VMD of MLVs (previously extruded 10 times through a 2 pm pore fllter)(n=3
± s.d.)
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After freeze-thawing, the mean distribution spans of EPC and EPC / chol (1:1) MLVs 

extruded through 2 pm pore filters (figure 2.12) were significantly higher (p<0.05) than 

that of vesicles extruded through 5 pm pore filters (figure 2.11). This is in agreement 

with the results obtained in section 2.4.2.1, where different cycle lengths were 

investigated, and suggests that the 2 pm MLVs were more sensitive to freeze-thawing 

than the 5 pm MLVs. This may be due to the influence of vesicle size on freeze- 

thawing, although the possibility of inter-batch variation can not be discounted. The 

2 pm EPC / chol MLVs exhibited the greatest increases in mean distribution span 

following freeze-thawing. Interestingly, the 5 pm EPC / chol MLVs showed the smallest 

increases in distribution span. Cholesterol increases the rigidity of EPC bilayers 

(Oldfield and Chapman, 1972), and in some circumstances this rigidity seemed to 

impart a cryoprotective influence on the bilayer (as appears the case with 5 pm 

‘standardized’ MLVs). However the rigidity may have a destabilizing effect during 

freeze-thawing, possibly when there is a smaller radius of curvature (ie. for 2 pm 

vesicles). This may cause the smaller liposomes to rupture and subsequently re-

98



assemble to form a new population of liposomes with a high distribution span.

2.4.3 Influence of electrolyte concentration on the diameter of FATMLVs

Inclusion of NaCI affected the size of freeze-thawed EPC and EPC / chol (1:1) MLVs. 

The mean VMDs of both 5 pm standardized EPC MLVs (figure 2.13) and 2 pm 

standardized EPC MLVs (figure 2.14) dispersed in NaCI solutions increased after 

freeze-thawing. The mean VMDs of all formulations dispersed in NaCI solutions (with 

the exception of 5 pm EPC MLVs dispersed in 0.1 M NaCI) were significantly higher 

than preparations dispersed in bi-distilled water (p<0.05). Mean distribution spans of 

all EPC and EPC / chol preparations dispersed in NaCI solutions increased significantly 

(p<0.05) after freeze-thawing. The increase in distribution span for 2 pm ‘standardized’ 

EPC MLVs dispersed in 0.5M NaCI (from 0.82 ± 0.06 before freeze-thawing to 1.55 ± 

0.15 after freeze-thawing) was typical.

Figure 2.13 Influence of NaCI concentration on the mean VMD of 5 
gm ‘standardized’ EPC MLVs before and after 5 freeze-thaw cycles 
(n=3 ± s.d.)
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Figure 2.14 Influence of NaCI concentration on the mean VMD of 2 
gm ‘standardized’ EPC MLVs before and after 5 freeze-thaw cycles 
(n=3 ± s.d.)
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Previous studies have suggested that EPC MLVs reversibly aggregate in the presence 

of alkali metal cations (Nagata et al, 1986; Mosharraf et al, 1995). Close association 

is a prerequisite of vesicle fusion. These results may indicate that liposomes 

suspended in NaCI can locate in closer proximity to neighbouring vesicles than those 

dispersed in bi-distilled water. When bilayer damage occurs during freeze-thawing, 

damaged vesicles will aggregate and possibly fuse with vesicles they are in contact 

with (Lasic, 1988). Additionally, exposure to the high temperatures during thawing 

(about 30°C higher than room temperature) will provide thermal energy for liposomes 

to become closely associated. They will be more likely to overcome repulsive forces (in 

this case, hydration forces) and so be more likely to aggregate. Hydration forces (due 

to adsorption of hydroxyl groups) are the main repulsive force in dispersions of EPC 

MLVs (Lis et al, 1982). Freezing of liposomes causes dehydration of polar head groups 

and therefore reduces the primary maximum (section 1.2.5.1) created by the hydration 

forces. Oku and MacDonald (1983) determined the freezing temperatures of 3.0 M 

aqueous electrolyte solutions using DSC. 3.0 M NaCI was shown to have a eutectic
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temperature of -21.4°C. Even though NaCI depresses the eutectic temperature of 

water, the dispersions were immersed in liquid nitrogen at -196°C (well below the 

eutectic temperature of the dispersion), and so would be completely frozen.

Although EPC liposomes are nominally neutral and have no permanent overall charge, 

they will adopt a net negative charge in water due to adsorption of hydroxyl ions. In 

addition, small amounts of negatively charged species may exist in EPC bilayers 

(Mosharraf et al, 1995). Ma"” will reduce the net negative charge and, at high 

concentrations, could ultimately produce vesicles with a net positive charge (Oku and 

MacDonald, 1983).

Addition of electrolyte after liposome manufacture provides an osmotic gradient and 

promotes an efflux of water from the aqueous compartments of vesicles. Even though 

liposomes were hydrated in NaCI solutions, an osmotic gradient may exist because 

phospholipid bilayers are semi-permeable membranes. During formation of MLVs, the 

outer layers of the lipid film hydrate first and then water permeates through those 

bilayers (section 1.2.3). However the outer bilayers hinder the progress of solutes to 

the inner aqueous compartments resulting in non equilibrium solute distributions and 

an osmotic gradient across the bilayer. Freeze-thawing of MLVs produces equilibrium 

distributions of solute, and consequently enhances vesicle swelling (Mayer et al, 1985). 

Efflux of water due to solute imbalances prior to freeze-thawing could cause osmotic 

shrinkage of vesicles. This would produce areas where the bilayer dilates or shrinks 

and would consequently cause local changes to the area occupied by each 

phospholipid molecule with a significant effect on the stability of the bilayer. Local areas 

with a small radius of curvature form areas of instability which may be more easily 

breached by ice crystals during freeze-thawing.

All 5 pm ‘standardized’ EPC / chol MLVs dispersed in NaCI solutions increased in 

diameter following freezing-thawing. The largest increase was obtained for preparations 

dispersed in 0.1M NaCI. Diameters were significantly higher than preparations 

dispersed in bi-distilled water (p<0.05) (figure 2.15). EPC / chol MLVs standardized by 

extrusion through 2 pm filters also increased in diameter after freeze-thawing (figure
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2.16). The liposomes dispersed in 1.0M NaCI dramatically increased in diameter to 

30.9 ± 8.3 pm, but diameters of FATMLVs dispersed in 0.1M and 0.5M NaCI were 

lower than those dispersed in bi-distilled water. This is in contrast to results obtained 

for the 5 pm standardized vesicles. Differences could be due to larger surface area of 

the 2 pm vesicles. This could indicate that a higher concentration of Na  ̂ ions was 

required to abolish the negative surface charge on the phospholipid bilayer of the 2 pm 

vesicles. The mean diameter of 2 pm standardized EPC / chol MLVs dispersed in bi- 

distilled water subjected to 3 minute freeze-thaw cycles were consistently high in all 

experiments. These vesicles may be abnormally large because they did not have time 

to completely re-assemble during each thaw stage before the following freeze stage 

commenced. If NaCI causes local areas of weakness due to osmotic shrinkage before 

freeze-thawing, then these areas may fragment more easily because cholesterol 

condenses packing of phospholipid molecules in EPC bilayers. This could augment the 

effect of the solute imbalance by making the vesicles more rigid and therefore less 

resistant to disruption caused by internal ice formation. In addition, the formation of 

sodium chloride crystals during freezing may add to the damage caused by ice crystals 

(Oku and MacDonald, 1983).

Figure 2.15 Influence of NaCI concentration on the mean VMD of 5 jjm  
‘standardized’ EPC /  chol (1:1) MLVs before and after 5 freeze-thaw 
cycles (n=3 ± s.d.)
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Figure 2.16 Influence of NaCI concentration on the mean VMD of 2 gm
‘standardized’ EPC /  chol (1:1) MLVs before and after 5 freeze-thaw
cycles (n=3 ± s.d.)
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2.4.4 Effect of cholesterol concentration on the diameter of FATMLVs

All 2 pm standardized EPC / chol liposomes substantially increased in diameter after 

freeze-thawing (figure 2.17). Increasing the concentration of cholesterol increased the 

apparent size of FATMLVs, with a maximum diameter observed at 30% cholesterol. 

The diameters of FATMLVs containing 20, 30 and 50% cholesterol were significantly 

higher than the cholesterol-free FATMLVs (p<0.05). Mean distribution spans of all 

formulations increased significantly (p<0.05) (figure 2.18).

The particularly large increases in diameter and distribution span substantiate the 

hypothesis (section 2.4.2.2) that inclusion of cholesterol promotes aggregation and 

fusion of liposomes during freeze-thawing. The results seem to indicate that the 2 pm 

liposomes experienced greater mechanical damage when their membranes were made 

more rigid by inclusion of cholesterol. As cholesterol concentration was increased, 

liposome bilayers became less flexible and consequently may have been less resistant 
to damage by internal ice formation.
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Figure 2.17 Influence of cholesterol concentration on the mean VMD of 2
fjm ‘standardized’ EPC MLVs before and after 5 freeze-thaw cycles (n=3 ±
s.d.)
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Figure 2.18 Influence of cholesterol concentration on the mean 
distribution span of 2 pm ‘standardized’ EPC MLVs before and after 5 
freeze-thaw cycles (n=3 ± s.d.)
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2.4.5 Effect of poloxamers on the size distribution of FATMLVs

Prior to freeze-thawing, incubation with poloxamers had no significant influence on the 

mean VMD of 5 pm ‘standardized’ EPC MLVs (p<0.05) (figure 2.19). However, the 

addition of certain poloxamers to EPC liposome formulations influenced the resultant 

diameter of FATMLVs. A small increase in mean diameter was seen after freeze- 

thawing of 5 pm standardized EPC MLVs dispersed in bi-distilled water, in agreement 

with earlier determinations (figure 2.10). The mean VMD of all poloxamer-containing 

formulations decreased following freeze-thawing, with the greatest size reductions 

observed for formulations containing P338 (ICI), P338 (Blagden) and P407 (Blagden). 

The mean VMDs of all poloxamer-containing FATMLVs were significantly lower than 

samples containing EPC alone (p<0.05). The mean distribution spans of all 

formulations increased after freeze-thawing (figure 2.20). The spans of all poloxamer- 

containing formulations except P338 (Blagden) were significantly (p<0.05) lower than 

that of the poloxamer-free control FATMLVs although the differences were relatively 

small.

Figure 2.19 Effect of five freeze thaw cycles on the mean VMD of 5 fjm 
‘standardized’ EPC MLVs incubated at 25°C for 2 hours with 0.5% w/v 
poloxamer (n=3 ± s.d.)
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Figure 2.20 Effect of five freeze thaw cycles on the mean distribution span 
of 5 pm ‘standardized' EPC MLVs incubated at 25°0 for 2 hours with 0.5% 
w/v poloxamer (n=3 ± s.d.)
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Prior to freeze-thawing, incubation with poloxamers had no significant influence on the 

mean VMD of 2 pm ‘standardized’ EPC MLVs (p<0.05) (figure 2.21). An increase in the 

mean VMD of 2 pm standardized EPC MLVs was observed after freeze-thawing. 

Preparations incubated with poloxamers also increased in diameter following freeze- 

thawing. However, FATMLV preparations containing P338 (Blagden) and P407 

(Blagden) had significantly lower mean VMDs than the poloxamer-free FATMLVs 

(p<0.05). The mean distribution spans of all poloxamer-containing FATMLVs were 

significantly lower than the mean distribution span of poloxamer-free FATMLVs 

(p<0.05) (figure 2.22).
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Figure 2.21 Effect of five freeze thaw cycles on the mean VMD of 2 fjm
‘standardized’ EPC MLVs incubated at 25°0 for 2 hours with 0.5% w/v
poloxamer (n=3 ± s.d.)
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Figure 2.22 Effect of five freeze thaw cycles on the mean distribution span 
of 2 pm ‘standardized’ EPC MLVs incubated at 25°C for 2 hours with 0.5% 
w/v poloxamer (n=3 ± s.d.)
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The effect of poloxamer during freeze-thawing may be twofold. Firstly, by associating 

with the surface of liposomes, certain poloxamers may sterically stabilize the liposome 

formulations and therefore make it less thermodynamically favourable for two 

liposomes to come into contact. Polyoxyethylene chains extended from the surface of 

liposomes would sterically inhibit the contact between the phospholipid bilayer of two 

liposomes and therefore might suppress aggregation and fusion of MLVs during freeze- 

thawing or recovery from freeze-thaw damage (ie. bilayer reassembly). This hypothesis 

is substantiated by the apparent reduction in size of 5 pm MLVs frozen and thawed in 

the presence of certain poloxamers and suggests that smaller liposomes were 

produced in these formulations.

Secondly, certain poloxamers may protect liposomes from membrane damage. 

Poloxamers significantly limited the increases in distribution span for 2 pm vesicles, 

indicating that they may have inhibited the formation of new vesicles. This cannot be 

established from size analysis alone since the results do not differentiate between 

unaffected liposomes and newly formed vesicles of a similar diameter. During freeze- 

thawing, the integrity of the bilayer and retention of aqueous marker are increased in 

the presence of the cryoprotectants (Higgins et al, 1987). Cryoprotective agents such 

as dimethyl sulphoxide are thought to protect liposomes against ice formation and 

fusion by causing the dispersions to vitrify rather than freeze when cooled. They 

depress the eutectic temperature, bind water and interact with phosphate head groups 

of phospholipids. It is however more conceivable that the apparent cryoprotective effect 

of poloxamers is due to them sterically stabilizing the dispersion and consequently 

inhibiting liposome fusion during freeze-thawing. The steric barrier can be thought of 

as strongly hydrated groups extending outwards in a ‘mushroom’ or ‘brushlike’ pattern 

depending on the density of stabilizing molecules attached to the surface (Storm et al, 

1996). A strong interaction between the liposome and the ‘anchoring’ moiety (ie. POP) 

is important for successful steric stabilization (Napper, 1977). Attachment could occur 

via penetration of the POP moiety into hydrophobic area of the bilayer or by adsorption 

of the poloxamer to the bilayer surface. Chapters 3 and 4 address the nature of the 

interaction between liposomes and poloxamers.
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If steric stabilization is the method by which poloxamer inhibited the freeze-thaw 

induced increase in vesicle diameter, then the fact that, for a given concentration of 

phospholipid, 2 pm vesicles have a greater surface area than 5 pm vesicles may have 

influenced the resultant diameter of FATMLVs. Theoretically, at a given poloxamer 

concentration, the quantity of poloxamer available to associate with liposomes may be 

sufficient to sterically stabilize the 5 pm vesicles and therefore prevent vesicle 

aggregation or fusion. However it is possible that the same concentration of poloxamer 

would not sufficiently stabilize the 2 pm vesicles due to their higher surface area. The 

effect of poloxamer concentration is addressed in section 2.4.5.1.

2.4.5.1 Effect of poloxamer concentration on the size distribution of FATMLVs

A 1 .OM NaCI solution was used as the aqueous phase in this experiment since it was 

previously shown (figure 2.14) to enhance the freeze-thaw promoted increase in mean 

VMD of 2 pm EPC MLVs. Before freeze-thawing, all samples had mean VMDs of 

between 2.4 and 3.2 pm. The mean VMD of poloxamer-free samples was slightly 

higher than all poloxamer-containing samples, possibly due to aggregation before 

freeze-thawing. Differences were significant at all concentrations of P407 (Blagden) 

and >0.1 % w/v P338 (ICI) (p<0.05).

Figure 2.23 shows the mean VMDs of the liposome formulations after five freeze-thaw 

cycles. The poloxamer-free control sample had a mean VMD of 8.0 ± 0.4 pm following 

freeze-thawing. Inclusion of poloxamer P338 (ICI) or P407 (Blagden) inhibited the size 

increase associated with freeze-thawing. Low poloxamer concentrations were not so 

effective at inhibiting the size increase as higher concentrations, but all poloxamer 

containing formulations were significantly smaller than the poloxamer-free control 

(p<0.05). There was little difference in the mean VMD of formulations containing 0.5% 

and 1.0% w/v of either poloxamer. The mean distribution span of FATMLVs decreased 

as poloxamers concentrations were increased from 0 to 0.3% w/v but then increased 

as poloxamer concentrations were increased further (figure 2.24). On closer analysis 

of the data (not presented), it is apparent that this is due to a reduction of the D(n, 0.1) 

value (the diameter below which 10% of the volume of particles lie). The D(n, 0.9) value
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of these formulations is similar to that of samples containing lower concentrations of 

poloxamers. This indicates that the increase in span at higher poloxamer 

concentrations is caused by the formation of smaller vesicles.

These results provide further evidence that poloxamers sterically stabilize liposome 

formulations. The presence of poloxamer molecules within liposomes / liposome 

bilayers may sterically inhibit contact between two vesicles and subsequently prevent 

aggregation and fusion. As poloxamer concentration was increased, vesicles may have 

been increasingly inhibited from associating with other vesicles during bilayer repair. 

This would account for the correlation between the number of small vesicles and 

poloxamer concentration. It could also be asserted that higher poloxamer 

concentrations may destabilize phospholipid membranes to some extent making them 

more susceptible to freeze-thaw damage although still inhibited from fusing with other 

liposomes.

Figure 2.23 Effect o f poloxamer concentration on the mean VMD of 2 pm  
‘standardized’ EPC MLVs following five freeze thaw cycles (n=3 ± s.d.)
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1 10



Figure 2.24. Effect o f poloxamer concentration on the mean distribution 
span o f 2 pm 'standardized’ EPC MLVs foi lowing five freeze thaw cycles 
(n=3 ± s.d.)
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On consideration of the results from sections 2.4.1 to 2.4.5, it seemed logical for further 

investigations to choose a system that caused maximum swelling / membrane damage 

to vesicles, since these parameters were associated with enhancing trapped volumes 

and producing relatively uniform preparations of LUVs following subsequent extrusion 

(Hope et al, 1993). Initial size reduction by 50 extrusion passes through 5 pm pores is 

extremely time consuming, therefore 10 passes through a 2 pm seems a more logical 

choice for the freeze-thaw extrusion protocol. Freeze-thawing 2 pm standardized 

vesicles 15 or 20 times had no obvious advantage over 5 or 10 cycles, since the 

additional cycles had little effect on the mean diameter or distribution spans of EPC or 

EPC / chol FATMLVs. Therefore it was decided that 10 extrusion passes through a 2 

pm pore filter followed by 5 freeze-thaw cycles (3 minute freeze / 3 minute thaw) would 

be used for the freeze-thaw protocol.
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2.4.6 Effect of freeze-thawing on mean diameter of vesicles following repeated 

extrusion through 100 nm pore filters

Monodisperse latex beads were used as standards to intermittently check the accuracy 

of the PCS unit. Typical result for PCS analysis of 114 nm diameter latex standard:

Z mean diameter = 114.8 ± 1.5 nm ; Polydispersity index = 0.083 ± 0.018

Extrusion through double stacked filters quickly produced monodisperse populations 

of small vesicles. Formulations that had previously been freeze-thawed five times 

appeared to be reduced in size more quickly than formulations not freeze-thawed or 

freeze-thawed 10 times (figure 2.25). Differences in vesicle size were observed after 

a small number of passes through filters (up to 5). However, the differences were not 

statistically significant (p<0.05) except after one extrusion pass where there was a 

significant difference between diameters of vesicles freeze-thawed five times and those 

freeze-thawed ten times or not freeze-thawed. Size change was small for all 

formulations after 10 passes. The polydispersity index was consistently less than 0.1 

for all samples after 1 or 2 passes through the double stacked pores, and compared 

favourably with results obtained using ‘monodisperse’ latex standards.

The most important variable appeared to be the number of extrusion passes. 

Subsequent particle size analysis experiments were conducted using five freeze-thaw 

cycles (3 minute freeze / 3 minute thaw) and ten extrusion passes through double 

stacked 100 nm pore filters after initial passage twice through a single 100 nm pore 

filter.
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Figure 2.25 Mean Z diameter of EPC iiposomes after repeated extrusion
through doubie stacked 100 nm pore fitters (n=3 ± s.d.)
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2.4.6.1 Investigation of phospholipid retention on polycarbonate filters during 

extrusion

A total mean mass of 1.8 mg of phospholipid was deposited on the filters during 

extrusion from an initial mass of 400 mg EPC (see table 2.3). That is an average of 

0.45% of the total phospholipid mass and thus represents a very small proportion of the 

total lipid weight. It is possible that any phospholipid deposited may be non liposome 

matter and therefore the extrusion process is beneficial to reproducibility of further 

results.
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Table 2.3 Mean mass o f EPC deposited on filters following 10 extrusion passes 

through two stacked 100 nm pore filters (n=3 ± s.d.)

Mean

Mass of filter before extrusion (mg) 54.30 ± 0.002

Mass of filter after extrusion (mg) 56.10 ±0.002

Mean mass of lipid deposited (mg) 1.80 ±0.002

Mean mass of lipid deposited (%) 0.45 ± 0.04

2A6.2 Effect of lipid concentration and inclusion of cholesterol on the size 

distribution of freeze-thaw extruded liposomes

Increased lipid concentration (figure 2.26) and increased cholesterol concentration 

(figure 2.27) lead to increases in diameter of extruded vesicles. The mean diameter of 

20 mg/ml EPC was not significantly different (p<0.05) from that of EPC. The mean 

diameters of 50 mg/ml EPC and 100 mg/ml EPC and all the cholesterol containing 

formulations were significantly higher (p<0.05) than the mean diameter of 10 mg/ml 

EPC. However, all formulations had Z mean diameters of 120 nm or less after 10 

passes through double stacked 100 nm pore filters. Mean polydispersities of all 

preparations were less than 0.1 after 10 extrusion passes indicating that all samples 

had narrow size distributions.

Although the diameters of certain formulations were statistically different after 10 

extrusion passes, only small differences in size were observed, suggesting that the 

most important parameter is the number of extrusion passes. It was decided that ten 

extrusion passes through double stacked filters would be adequate for subsequent 

work since reproducible, reasonably monodisperse populations were produced by this 

method.

114



Figure 2.26 Effect of phospholipid concentration on the mean diameter of 
freeze-thawed EPC liposomes extruded 10 times through double stacked 
100 nm pore filters (n=3 ± s.d.)
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Figure 2.27 Effect of cholesterol concentration on the mean diameter of 
freeze-thawed EPC liposomes extruded 10 times through double stacked 
100 nm pore filters (n=3 ± s.d.)
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2.4.7 Freeze-fracture microscopy

Figure 2.28 is a typical freeze-fracture electron micrograph of EPC 10 mg/ml MLVs. The 

multilamellar structure of the phospholipid bilayer can clearly be seen, although vesicle 

diameter varies considerably. Freeze-fracture electron micrographs of extruded 

liposome preparations are shown in figures 2.29 to 2.32. The multilamellar arrangement 

is no longer apparent and the vesicles appear to have a reasonably homogeneous size 

distribution. No obvious differences were discerned between EPC MLVs extruded ten 

times through two 100 nm pore filters (figure 2.29) and EPC MLVs subjected to the 

same extrusion protocol following five freeze-thaw cycles (figure 2.30), with diameters 

of most vesicles consistently below 200 nm. Similarly, both EPC / chol (1:1) MLVs 

extruded ten times through two 100 nm pore filters (figure 2.31) and EPC / chol (1:1) 

MLVs subjected to the same extrusion protocol following five freeze-thaw cycles (figure 

2.32) appeared to have been efficiently reduced in diameter and have reasonably 

homogeneous size distributions.

Figure 2.28 Freeze-fracture electron micrograph of EPC MLVs (—  =5  pm)
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Figure 2.29 Freeze-fracture electron micrograph of EPC MLVs extruded 10 times
through two 100 nm pore filters (— = 200 nm)

r

Figure 2.30 Freeze-fracture electron micrograph of EPC MLVs freeze-thawed x 

five cycles then extruded 10 times through two 100 nm pore filters 

(—  -2 0 0 n m )
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Figure 2.31 Freeze-fracture electron micrograph of EPC /  chol (1:1) MLVs
extruded 10 times through two 100 nm pore filters (— = 200 nm)

Figure 2.32 Freeze-fracture electron micrograph of EPC/chol (1:1) MLVs freeze- 

thawed X five cycles then extruded 10 times through two 100 nm pore filters 

(— = 200 nm)
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2.5 Conclusion

The freeze-thaw experiments were designed to give an insight into the effects of 

freezing and thawing on particle size of EPC MLVs. Bi-distilled water was used as the 

aqueous phase in most experiments to minimize the external factors affecting size. 

Size change appeared to be related to the initial vesicle size, since the VMD of 5 pm 

EPC MLVs usually decreased, whilst the VMD of 2 pm EPC MLVs increased following 

freeze-thawing. In addition, the mean distribution span increased following freeze- 

thawing of both 2 and 5 pm EPC MLVs. This suggests that a new population of 

liposomes had been formed, since the diameter of newly formed vesicles would not 

have been standardized by extrusion through polycarbonate filters.

Liposome bilayers are damaged by internal ice formation during freezing. The 

proportion of vesicles that are affected and the extent of the damage to each bilayer 

can not be determined from size analysis. Bilayers may break off or partially fragment. 

Damaged bilayers will re-assemble due to the ‘hydrophobic effect’ and form new 

liposomes possibly of a different size. Reformation may involve fusion with other 

liposomes (Lasic, 1988). Each freeze-thaw cycle would provide an opportunity for this 

process to occur, both in previously unaffected liposomes and those damaged by a 

previous freeze-thaw cycle.

Inclusion of cholesterol inhibited the reduction in size of 5 pm MLVs and augmented 

the size increase of 2 pm MLVs following freeze-thawing, indicating that the influence 

of cholesterol may change as vesicle size is changed. Cholesterol increases the rigidity 

of EPC MLVs, which seemed to have a cryoprotective influence on 5 pm MLVs and a 

destabilizing effect on 2 pm MLVs causing large increases in diameter and distribution 

span, possibly due to aggregation and fusion of vesicles during freeze-thawing.

The influence of the number of freeze-thaw cycles and freeze-thaw cycle length were 

difficult to interpret. However, 2 pm EPC / chol (1:1) FATMLVs exposed to 3 minute 

freeze-thaw cycle were significantly larger (p<0.05) than those exposed to other cycle 

lengths. It was observed macroscopically, that samples exposed to 1 and 2 minute
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freeze-thaw cycles did not completely melt during the thaw stage of each cycle. 

Consequently, a proportion of vesicles may not have been exposed to damaging 

conditions during re-freezing. Preparations exposed to 3 minute freeze-thaw cycles did 

melt completely during each thaw stage but sufficient time may not have given for 

bi layers to re-anneal. Therefore liposome fragments may have been subjected to 

further damaging conditions before reassembling. This may have increased the 

incidence of bilayer aggregation and fusion. Vesicles exposed to 4 and 5 minute 

freeze-thaw cycles had more time to re-assemble during each thaw stage and this may 

have been reflected by smaller increases in diameter.

All preparations dispersed in NaCI solutions increased in diameter following freeze- 

thawing. It seems likely that if there was any repulsion between liposomes dispersed 

in bi-distilled water (from hydration or electrostatic forces), it was inhibited by NaCI 

resulting in increased aggregation and fusion of vesicles as bilayers recovered from 

freeze-thaw damage. Significantly, NaCI may have caused an osmotic gradient across 

liposome bilayers resulting in areas of bilayer instability due to osmotic shrinkage of 

vesicles. These areas may be more susceptible to freeze-thaw damage.

Certain poloxamers inhibited the size increases observed during freeze-thawing for 

EPC MLVs dispersed in bi-distilled water or 1.0M NaCI. This suggests that the 

poloxamers may have sterically stabilized the liposome formulations. Poloxamer may 

have attached to the liposome bilayer (possibly via penetration of the POP moiety into 

the hydrophobic region of the phospholipid bilayer or by adsorption to the liposome 

surface). Liposomes may still have been disrupted during freeze-thawing, but the 

presence of strongly hydrated POE groups extending from the liposome surface may 

have sterically inhibited contact between vesicles. Therefore, subsequently aggregation 

and fusion associated with freeze-thawing (especially in the presence of NaCI 

solutions) may have been inhibited. After freeze-thawing in the presence of NaCI, a 

greater number of small vesicles were detected as the poloxamer concentration was 

increased. This suggests that vesicles were still disrupted by freeze-thawing, but may 

have been increasingly inhibited from associating with other vesicles during bilayer 

repair. The interaction between liposomes and poloxamers is further investigated in
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chapters 3 and 4.

This work documented the development of a protocol for routine production of small 

liposomes. The preparations are bath frozen for three minutes and thawed for three 

minutes and the cycle is repeated four times. Resultant MLVs are then extruded ten 

times through double stacked 100 nm pore filters after initial passage twice through a 

single 100 nm pore filter. The mean size of vesicles produced by the methods in the 

protocol can be estimated to be within defined limits and is relatively unaffected by 

phospholipid concentration or inclusion of cholesterol.
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Chapter Three

Photon correlation spectroscopy 

and colourlmetric assay
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3.1 Introduction

3.1.1 Interactions of poloxamers with liposomes

Poloxamers bind to hydrophobic surfaces by means of strong adsorption of the 

hydrophobic POP moiety in a loop and train configuration (Scheutjens and Fleer, 

1979). Similar interaction of poloxamers with liposomes would require the POP moiety 

to penetrate into the hydrophobic region of the phospholipid bilayer. Simple adsorption 

of poloxamers to the surface of liposomes in the same manner as to the surface of 

hydrophobic materials is not likely because of the polar nature of the liposome surface. 

The possibility that the POE moieties interact with or adsorb to the liposome surface 

seems especially unlikely since POE molecules in aqueous solution do not bind to the 

surface of liposomes (Evans and Needham, 1988).

Penetration of poloxamers into the hydrophobic region of liposome bilayers would 

cause disruption to the packing order of the hydrocarbon chains. Jamshaid et al (1988) 

showed that bilayer permeability of EPC SU Vs was increased by the presence of 

poloxamers. This could be due to the formation of “pores” or regions of enhanced 

membrane fluidity caused by inclusion of poloxamer within the bilayer. Jamshaid et al 

(1988) also demonstrated that the proportion of aqueous marker retained was higher 

for MLVs than SU Vs suggesting that penetration of poloxamer predominately occurred 

in the outer bilayers. Loss of marker was reduced by inclusion of cholesterol into the 

formulation. Cholesterol condenses phospholipid bilayers in the liquid-crystalline state 

and may therefore reduce the penetration of poloxamer into the bilayer.

A reduction but not elimination of leakage of aqueous marker was observed when 

hydrogenated soybean PC / cholesterol liposomes (Woodle et al, 1992) or DPPC / 

cholesterol liposomes (Khattab et al, 1995) were substituted for EPC liposomes. 

Poloxamer penetration into, or adsorption on to, gel state vesicles (DSPC) with a high 

phase transition temperature (T^=55°C) does not occur to any great extent (Moghimi 

et al, 1991). This suggests that the interaction may be due to penetration of poloxamer 

some way into the bilayer, and not adsorption of poloxamer on the liposome surface.
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because poloxamers could theoretically still adsorb to the hydrophilic surface of 

liposomes in the gel state even though the molecules are more rigid.

The zeta potential of soybean PC MLVs was reduced by addition of poloxamer to the 

formulation (Kostarelos et al, 1995). This was ascribed to the POE chains of the 

poloxamer extending from the surface of the vesicle and reducing the initial negative 

zeta potential attributed to the presence of various anionic molecules such as 

phosphatidylserine. Kosterarelos et al (1997) solubilized hydrophobic dye probes in 

soybean PC SU Vs to investigate the interaction of liposomes with poloxamer P407. 

The bilayer microenvironment was shown to be more apolar when SU Vs were formed 

in the presence of poloxamer but only slightly less polar when P407 was added to 

preformed SUVs. It was concluded that P407 included at the time of liposome 

formation was incorporated into the bilayer, whereas P407 added after liposome 

production may simply adsorb to the liposome surface or exhibit “limited” penetration 

into the bilayer since the effect could be due to the movement of dye molecules deeper 

into the bilayer on approach of poloxamer molecules.

Poloxamers with large hydrophobic moieties produce greater size increases of model 

hydrophobic nanoparticles than those with smaller hydrophobic sections for a given 

proportion of POE (Rudt and Müller, 1993). The POP group can be considered as a 

large hydrophobic ‘anchor’ that has two long hydrophilic groups extending from it. 

Poloxamers with longer POE chains showed the greatest apparent increase in diameter 

for latex nanospheres (Rudt and Müller, 1993) and liposomes (Kostarelos et al, 1995) 

coated with poloxamers. Poloxamers P338 and P407 promoted the greatest increase 

in mean diameter of EPC SUVs with maximum size increases of approximately 16 and

20.6 nm for P407 and P338 respectively (Jamshaid et al, 1988). When the same 

poloxamers were incubated with latex nanoparticles, maximum size increases of 

approximately 19.6 and 26.4 were determined for P407 and P338 respectively 

(Jamshaid et al, 1988). Both of these poloxamers have high molecular weights with a 

high proportion of POE. P338 has a nominal molecular weight of 14,000 with two 128 

unit POE moieties enveloping a 54 unit POP moiety. P407 has a nominal molecular 

weight of 11,500 with two 98 unit POE moieties and a 67 unit POP moiety.
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3.1.2 Fate of poloxamer coated liposomes in vivo

Liposomes (PC / PG / chol [1.85:0.15:1]) incubated with poloxamer solutions 

demonstrated a moderate increase in blood circulation time during in vivo studies, but 

substantially less than when a PEG-lipid derivative was incorporated (Woodle et al, 

1992). Moghimi et al (1991) reported that poloxamer P407 conferred no significant 

difference in biodistribution to gel state SU Vs (DSPC / chol / dicetylphosphate [7:7:1]) 

suggesting that the poloxamer had not associated with liposome bilayers.

Clearly, if poloxamer coated liposomes are to be a successful drug targeting system 

then the poloxamer should modify the biodistribution of liposomes without 

compromising the integrity of the phospholipid bilayer. Fluid-state liposomes appear to 

associate with poloxamers but with a consequent leakage of aqueous solutes. Gel state 

liposomes are more promising in terms of reducing leakage of aqueous solutes but 

incorporation of poloxamers is more difficult than for liquid-crystalline vesicles (Woodle 

et al, 1992).

3.1.3 Use of centrifugation in determining the amount of liposome associated I 

entrapped material

Separation of unentrapped material from liposomes may be achieved by a number of 

techniques such as dialysis, gel filtration chromatography and centrifugation. 

Centrifugation usually works on the principle that liposomes are more dense than the 

vehicle in which they are suspended. If a high centrifugal force is applied to the system 

it will cause the liposomes and entrapped drugs / molecules to sediment (in the form 

of a dense pellet) with unentrapped material remaining in the supernatant fluid. The 

concentration of entrapped (Alpar et al, 1981; Ma et al, 1991) or unentrapped (Taylor 

et al, 1990) material may then be determined with a suitable assay technique.

Liposome membranes may be lysed by agents such as ethanol or Triton-X-100 to 

release any entrapped hydrophilic drug which may then be measured directly using
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ultraviolet (UV) spectroscopy against a ‘blank’ liposome reference dissolved in the 

same agent to correct for any turbidity effects (Ma et al, 1991). Rupture of liposomes 

by agents such as Triton-X-100 may not be suitable in determining the amount of 

hydrophobic drug incorporated into liposomes since lysis of liposome membranes will 

not lead to the release of any hydrophobic contents. Instead, hydrophobic drugs may 

remain associated with the resultant mixed micelles (Stamp and Juliano, 1979).

The centrifugal forces and duration required for separation depend on the diameter of 

the liposomes, with small liposomes requiring high gravitational fields to sediment, 

since the density of the suspending medium will approach that of the liposomes. 

Additionally, high concentrations of extraneous molecules with a high molecular weight 

(eg. poloxamer surfactants) may increase the density of the suspending medium. 

Therefore, successful separation of small vesicles may be difficult to achieve, although 

this problem may be overcome to some extent by diluting the liposomes in a medium 

of much lower density prior to centrifugation. Modern ultracentrifuge instruments 

reliably operate at extremely high velocities. For example, the Beckman L8- 

ultracentrifuge (Beckman instruments, USA) employed may be routinely used at 

speeds of up to 60,000 rpm giving gravitational forces up to 325,000 g.

3.2 Materials and methods

3.2.1 Preparation of MLVs

EPC MLVs were prepared as described in section 2.2.2. In addition MLVs were also 

prepared from DMPC (99%+ pure. Sigma chemicals Ltd, UK) using the methodology 

described in section 2.2.2. MLVs produced from DPPC (99%+ pure. Sigma chemicals 

Ltd, UK) were prepared by the same method (section 2.2.2) although preparations were 

hydrated and incubated at 55°C due to the higher T^of DPPC MLVs (41 °C).
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3.2.2 Freeze-thaw extrusion protocol

MLVs were prepared as described in section 3.2.1 and each preparation was subjected 

to five freeze-thaw cycles consisting of immersion in a liquid nitrogen bath (-196°C) for 

three minutes followed by three minutes in a water bath at 50°C. FATMLVs were then 

extruded ten times through double stacked 100 nm pore filters after initial passage 

twice through a single 100 nm pore filter. Unless otherwise stated the lipid 

concentration in EPC liposome preparations was 10 mg/ml

When the freeze thaw extrusion protocol was used with DMPC liposomes, a 

concentration of 2 mg/ml was used due to the high cost of synthetic phospholipids. The 

extrusion apparatus was placed in a thermostatically controlled oven at 35°C for one 

hour before introduction of DMPC MLVs, in order to allow the apparatus to attain a 

temperature greater than the of DMPC liposomes. The liposome suspension was 

also warmed to 35°C in a water bath before extrusion. Preliminary investigations 

indicated that extrusion was impeded if the suspension and extrusion apparatus were 

not previously warmed. All results in this chapter were the mean (± s.d.) of three 

determinations unless otherwise stated.

3.2.3 Effect of incubation time on the mean diameter of small EPC liposomes

Poloxamers P338 (ICI), P407 (ICI), P338 (Blagden) and P407 (Blagden) were added 

to 5 ml samples of freeze-thaw extruded EPC liposomes (from a stock suspension), to 

give a final phospholipid concentration of 10 mg/ml and a poloxamer concentration of 

0.5% w/v. Following addition of poloxamer, samples were sized immediately using PCS 

(as described in section 2.3.7). Preparations were then incubated in a shaking water 

bath (Type 3330, Grant instruments, UK) at 25“C. Size determinations were repeated 

at 1.5, 3, 6, 10,15, 24 and 48 hours to determine the influence of incubation time on 

liposome size. All samples were gently agitated for 5 seconds before size 

determination.
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3.2.4 Effect of poloxamer concentration on the mean diameter of small EPC 

liposomes

Small EPC FATMLVs were prepared and subjected to the freeze-thaw extrusion 

protocol described in section 3.2.2. Poloxamers P338 (ICI) and P407 (ICI) were added 

to some formulations at concentrations of 0.04, 0.06, 0.1, 0.15, 0.2, 0.3, 0.5 and 1% 

w/v to give a final lipid concentration of 10 mg/ml. Resultant dispersions were left at 

room temperature (approximately 20°C) for 24 hours before size analysis using PCS. 

The analyses were repeated for dispersions to which P338 (Blagden), P407 (Blagden), 

and PI 88 (Blagden) had been added at concentrations of 0.1, 0.2, 0.5 and 1.0% w/v.

3.2.5 Effect of incubation temperature on the mean diameter of small EPC 

liposomes

Temperature has a complex effect on the behaviour of poloxamer surfactants 

(Alexandridis et al, 1994b), thus incubation temperature was carefully controlled during 

further investigations in order to reduce sampling errors and to elucidate the effect of 

temperature on the interaction between and poloxamers and liposomes. Small EPC 

FATMLVs, prepared as described in section 3.2.2, and poloxamer solutions were 

equilibrated at a specific incubation temperature for 30 minutes before poloxamers 

(P338 [ICI], P407 [ICI], P338 [Blagden] and P407 [Blagden]) were added to some 

formulations at concentrations of 0.05, 0.1, 0.2, 0.3, 0.5 and 1% w/v to give a final lipid 

concentration of 10 mg/ml. Resultant dispersions were incubated in a shaking water 

bath at 18, 25 or 37°C for 24 hours before size analysis using PCS (as described in 

section 2.3.7). The sample chamber of the Malvern Autosizer C is thermostatically 

controlled and was adjusted to the respective incubation temperature before analysis. 

The viscosity and refractive index of samples were entered into the PCS software 

program at each specific temperature.

128



3.2.5.1 Further investigations into the effect of incubation temperature on the 

mean diameter of smail EPC iiposomes

Further investigations into the effect of incubation temperature were performed using 

a fixed poloxamer concentration. Small EPC FATMLVs were prepared as described in 

section 3.2.2 and poloxamers P338 (ICI), P407 (ICI), P338 (Blagden) and P407 

(Blagden) were added to some formulations at a concentration of 0.3% w/v to give a 

final lipid concentration of 10 mg/ml. Resultant dispersions were incubated in a shaking 

water bath at 4,15,18, 22, 25, 30, 37 and 45°C for 24 hours before size analysis using 

PCS as described in section 3.2.5. Results were the mean (± s.d.) of four 

determinations.

3.2.6 Effect of phospholipid concentration on the mean diameter of smali EPC 

iiposomes

Poloxamers P338 (ICI), P407 (ICI), P338 (Blagden) or P407 (Blagden) were added to 

small EPC FATMLVs (prepared as described in section 3.2.2) at concentrations of 

0.05, 0.1, 0.20, 0.3, 0.5 and 1% w/v to give final lipid concentrations of 2, 5 and 10 

mg/ml. Resultant dispersions were incubated in a shaking water bath at 25°C for 24 

hours. Samples were sized using PCS as described in section 3.2.5.

3.2.7 Effect of high concentrations of poloxamer on the mean diameter of small 

EPC liposomes incubated with poloxamer solutions

Poloxamers P338 (ICI), P407 (ICI), P338 (Blagden) and P407 (Blagden) were added 

to small EPC FATMLVs (prepared as described in section 3.2.2) at concentrations of 

2, 3 and 5% w/v to give a final lipid concentration of 10 mg/ml. Dispersions were 

incubated in a shaking water bath at 25 or 37°C for 24 hours before size analysis using 

PCS as described in section 3.2.5.
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3.2.8 Effect of cholesterol on the mean diameter of small EPC liposomes

incubated with poloxamer solutions

Small EPC FATMLV preparations were produced by the method described in section 

3.2.2. Cholesterol was included in some formulations at 10, 20, 30 or 50 mol% to give 

a final lipid concentration of 10 mg/ml. Poloxamers P338 (ICI) and P407 (ICI) were 

added to some formulations at a concentration of 0.5% w/v and the preparations were 

incubated in a shaking water bath at 25°C for 24 hours before sizing using PCS 

(described in section 3.2.5).

3.2.9 Colourimetric assay

A colourimetric assay, previously described by Baleux and Champetier (1972), was 

used to quantify the amount of poloxamer associated with liposomes.

3.2.9.1 Assessment of different poloxamer samples

EPC MLVs (produced by the method described in section 2.2.2) were extruded ten 

times through two 0.6 pm pore filters having a 47 mm diameter (Poretics, Livermore, 

USA), held in a stainless-steel cell (Liposofast®, Avestin Ltd., Canada), following an 

initial passage though a single 0.6 pm filter. A 0.6 pm pore filter was used because 0.6 

pm vesicles were shown to successfully and reproducibly separate to a liposome pellet 

and clear supernatant following ultracentrifugation at 325,000 g. Preliminary 

investigations had indicated that effective separation was not possible for vesicles 

extruded through 100 or 200 nm pore filters.

Extruded liposomes were placed into glass scintillation vials and poloxamers P338 

(ICI), P407 (ICI), P338 (Blagden) and P407 (Blagden) were added to some samples 

at concentrations of 0.05, 0.1, 0.2, 0.3, 0.5, 0.75 and 1.0% w/v to give final lipid 

concentrations of 1 mg/ml and volumes of 10 ml. Phospholipid-free poloxamer control
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samples and poloxamer-free liposome control samples were also prepared, and were 

incubated alongside experimental samples.

All samples were incubated for 24 hours at 25°C before being placed in 10.4 ml 

screwtop polycarbonate centrifuge tubes (Beckman Instruments Inc, USA) and 

centrifuged for 50 minutes at 60,000 rpm in a Beckman L8-M ultracentrifuge (Beckman 

instruments, USA) at a temperature of 25°C. A fixed-angle ultracentrifuge centrifuge 

rotor was used (Beckman type Ti 65, Beckman instruments, USA), with a capacity of 

8 X 10.4 ml and a radial distance of 77.8 mm. This provided a centrifugal force of

325,000 g at 60,000 rpm. Three sample and lipid-free poloxamer control replicates 

were prepared at each concentration and placed opposite one another in the centrifuge 

rotor, with the remaining two positions on the rotor filled with poloxamer-free liposome 

control samples. The supernatant was drawn from each sample using a Pasteur pipette 

and placed in a 25 ml volumetric flask. The solid lipid pellet was then resuspended in 

bi-distilled water and samples were made up to approximately 10 ml volume. Control 

samples were made up to volume in an identical manner. The tubes were then 

centrifuged at 325,000 g for a further 50 minutes and the resulting supernatant 

transferred to the respective 25 ml volumetric flask. Each flask was made up to volume 

with bi-distilled water and 1 ml of the solution was transferred to a clean 25 ml 

volumetric flask and diluted with 20 ml bi-distilled water.

Potassium iodide / iodine solution (0.625 ml from a freshly prepared 100 ml stock 

solution containing 2 g potassium iodide [Aldrich chemicals, UK] and 1 g iodine [BDH, 

UK] dissolved in bi-distilled water) was added before each sample was made up to 25 

ml with bi-distilled water. The resulting coloured complexes were assayed using a UV 

spectrophotometer (Model 554, Perkin Elmer, UK) at 500 nm to give absorbance 

values for ‘free’ poloxamer. Samples were assayed against a ‘blank’ reference solution, 

prepared by diluting 0.625 ml of potassium iodide / iodine solution in bi-distilled water 

(to 25 ml). A knowledge of the total amount of poloxamer in each preparation allowed 

the amount of poloxamer associated with the liposomes to be determined by 

difference.
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In addition, absorbance values of phospholipid-free and poloxamer-free control 

samples were determined alongside each sample. Since EPC is a mixture of 

unsaturated phospholipids, an interaction with the coloured complex could occur if 

trace amounts of lipid remained in thp supernatant. However dilution of the sample 

ensured that differences between EPC control samples and the reference solution were 

negligible in all cases. The concentration of encapsulated / associated poloxamer was 

determined by subtraction of free' poloxamer absorbance values (and EPC control if 

necessary) from the respective poloxamer control absorbance value. The concentration 

of associated poloxamer was calculated from the UV absorbance at 500 nm by 

comparison with calibration plots of the respective poloxamer solution in the 

appropriate concentration range.

3 2.9.2 Effect of incubation temperature on the mass of poloxamer associated 

with EPC liposomes

EPC MLVs were prepared (as described in section 2.2.2) and standardized by 

extrusion through 0.6 pm pore filters (as described in section 3.2.9). Poloxamer P338 

(ICI) was added to some formulations at concentrations of 0.05, 0.1, 0.2, 0.3, 0.5, 0.75 

and 1% w/v to give a final lipid concentration of 1 mg/ml. Resultant dispersions were 

incubated in a shaking water bath at 18, 25 or 37°C for 24 hours before 

ultracentrifugation. Control solutions were prepared as described in section 3.2.9.1.

3.2.9 3 Comparison of different phospholipids

EPC, DMPC and DPPC MLVs were prepared (as described in section 3.2.1) and 

standardized by extrusion through two 0.6 pm pore filters (as described in section

3.2.9). Poloxamer P338 (ICI) was added to some formulations at concentrations of 

0.05, 0.1, 0.2, 0.3, 0.5, 0.75 and 1% w/v to give a final lipid concentration of 1 mg/ml. 

Resultant dispersions were incubated in a shaking water bath at 18°C for 24 hours 

before ultracentrifugation. Control solutions were prepared as described in section 

32.9.1.
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3 2.9.4 Effect of freeze-thawing on the mass of poloxamer associated with DMPC 

and DPPC liposomes

DM PC and DPPC MLVs were prepared (as described in section 3.2.1) and 

standardized by extrusion through two 0.6 pm pore filters (as described in section

3.2.9). Poloxamer P338 (ICI) was added to some formulations at concentrations of 0.1 

and 0.5%  w/v to give a final lipid concentration of 1 mg/ml. Resultant dispersions were 

incubated in a shaking water bath at 1 8 X  for 24 hours before ultracentrifugation. Some 

dispersions were subjected to five freeze-thaw cycles (as described in section 2.3 .5) 

before ultracentrifugation. Control solutions were prepared as in section 3.2.9.1.

3.3 Results and discussion

Freeze-fracture electron micrographs (prepared as described in section 2.3 .8) of small 

EPC FATM LVs (prepared by ten extrusion passes through two 100 nm pore filters 

following five freeze-thaw cycles), following incubation (24 hours) with poloxamers P338  

(IC I) and P407 (Blagden) are shown in figures 3.1 and 3.2). The micrographs show 

populations of uni- or oligolamellar liposomes with relatively monodisperse size 

distributions.

Figure 3.1 Freeze-fracture electron micrograph of freeze-thaw (FT) extruded EPC 

MLVs incubated for 24 hours with 0.2% w/v P338 (10!) (—  = 200 nm)

t r m
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Figure 3.2 Freeze-fracture electron micrograph of freeze-thaw extruded EPC
MLVs incubated for 24 hours with 0.2% w/v P407 (Blagden)(—  = 200 nm)

3.3.1 Effect of incubation time on the mean diameter of small EPC liposomes

Freeze-thaw extruded EPC liposome formulations measured directly after addition of 

all poloxamer solutions showed an increase in mean diameter compared to ‘poloxamer- 

free ’ control suspensions (figure 3.3). Preparations containing P338 (ICI) showed the 

greatest size increase, (8.4 ± 0.7 nm) followed by P407 (Blagden) (5.6 ± 0.4 nm) and 

P338 (Blagden) (3.0 ± 0.6 nm). However, the size increase produced by P407 (ICI) was 

negligible (1.0 ± 1.1 nm). On incubation, further small increases in size were observed 

until approximately 15-24 hours after addition of poloxamer, after which no further 

increases were observed. For example, P338 (IC I) promoted size increases of 10.4 ± 

0.4 nm and 10.2 ± 0.6 nm after 24 and 48 hours respectively. These increases in mean 

diameter relate to approximate adsorbed layer thicknesses of 5.2 and 5.1 nm. After 24  

hours the mean diameters of preparations incubated with P338 (ICI), P338 (Blagden) 

and P407 (Blagden) were significantly greater than that of the m ean diameter of the 

control samples (p<0.05). Mean diameters of formulations incubated with P407 (ICI) 

were not significantly different from those of the control (p<0.05). It was decided that 

24 hours was a rational incubation time for further experiments.
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The polydispersities of all samples were similar and compared well with values 

obtained using monodisperse populations of latex microspheres (see section 2.4.6). 

Populations with polydispersities of 0.1 or less can be regarded as monodisperse 

(Elorza et al, 1993). All mean polydispersities of samples were less than 0.1, and did 

not significantly change during incubation (p<0.05), indicating that aggregation or fusion 

of vesicles due to the presence of poloxamers, or storage did not occur.

Figure 3.3 Mean diameter of FT extruded iiposomes against time incubated 
at 25°C with 0.5% w/v poloxamer (n=3 ± s.d.)
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3.3.2 Effect of poloxamer concentration on the diameter of small EPC liposomes

Changes in the mean diameter of small EPC liposomes incubated at room temperature 

with P338 (IC I) and P407 (IC I) are shown in figure 3.4. Increases in mean diameter 

were significant for preparations incubated with 0.2, 0.5 and 1.0%  w/v P338 (ICI) 

(p<0.05), suggesting that P338 (ICI) interacted with freeze-thaw  extruded EPC  

liposomes at room temperature whereas P407 (ICI) did not. This contradicts the results 

of Jamshaid et al (1988), who reported similar size increases for EPC liposomes 

coated with P338 and P407. Indeed, similar size increases might be expected since
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P338 and P407 have similar structures: P407 nominally has a 4 ,000  molecular weight 

hydrophobic segment and is 70%  POE, and P338 has a  POP moiety with a nominal
V

molecular weight of 3 ,250 and is 80%  POE. One possible suggestion for this 

observation is that the P407 (IC I) sample may have degraded.

Figure 3.4 Change in mean diameter of FT extruded EPC liposomes 
incubated with poloxamers (ICI) at room temperature for 24 hours (n=3 ± 
s.d.)
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Changes in the mean diameter of small EPC liposomes incubated at room temperature 

with poloxamers obtained from Blagden chemicals are shown in figure 3.5. 

Preparations incubated with P407 (Blagden) had significantly greater mean diameters 

than the control sample at concentrations kO.2% w/v (p<0.05). Preparations containing 

P338 (Blagden) produced smaller but significant increases in mean diam eter at 

concentrations of 0.5 and 1% w/v (p<0.05). This contrasts with results determined for 

poloxamers obtained from ICI where formulations containing P338 had the largest 

diameters. The smallest changes in mean diameter were obtained with samples 

containing P188 (significant only at 1% w/v [p<0.05]). This may be accounted for by the 

fact that P188 has the lowest nominal molecular weight of the poloxamers used in this

136



experiment (8,350) with a low proportion accounted for by the hydrophobic moiety (only 

10%  by weigKt POP). 1t Is* thus relàtivery "well ^disposed to exist in an aqueous 

environment and is therefore less likely to associate with a hydrophobic surface. The  

small size of the POP block may potentially limit penetration into the liposome bilayer.

Figure 3.5 Change in mean diameter of FT extruded EPC liposomes 
incubated with poloxamers (Blagden) at room temperature for 24 hours 
(n=3 ± s.d.)
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The polydispersities of all samples were <0.1 (comparable with values obtained using 

monodisperse populations of latex microspheres [see section 2.4.6]). The results 

suggest that poloxamers P338 (ICI), P407 (Blagden) and P338 (Blagden) adsorb to 

EPC liposomes, although the exact nature of any interaction between the systems 

cannot easily be deduced from size determination alone. An interaction between 

liposomes and poloxamers may be energetically favourable in an aqueous system. The  

hydrophilic POE moieties of P338 and P407 will readily exist in the aqueous phase 

whereas the PO P moieties preferentially exist in a non-aqueous environment. The  

hydrophobic POP moiety of the poloxamer may partition into the hydrophobic region 

of the phospholipid bilayer with the hydrophilic POE chains extending into the aqueous 

phase. Alternatively there may be some physical interaction between the poloxamer
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and phospholipid bilayer with little or no penetration into the bilayer.

3.3.3 Effect of incubation temperature on the mean diameter of small EPC 

liposomes

Poloxamer molecules may form independent mono- or multi-micellar structures which 

do not interact with the phospholipid bilayer. Micellization depends on the concentration 

of poloxamer in solution and on the temperature (see section 1.6.6). The temperature  

of the system was controlled during further investigations so that the reasons for the 

size increases could be evaluated more comprehensively.

3.3.3.1 Effect of increasing poloxamer concentration at 18, 25 and 37°C

Figure 3.6 shows the mean diameters of freeze-thaw extruded EPC liposomes after 

incubation at 1 8 X  for 24 hours.

Figure 3.6 Mean diameter of FT extruded EPC liposomes incubated 
with poloxamers at 18 °C for 24 hours (n=3 ± s.d.)
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The mean diameters of formulations incubated with poloxamers P407 (ICI), P338  

(Blagden) or P407 (Blagden) were not significantly greater than that of the control 

sample (112.47 ± 3 .50) at any concentration investigated (p<0.05), although they 

appeared to be greatest at higher concentrations. Preparations incubated with P338  

(ICI) appeared to have greater diameters than those incubated with other poloxamers, 

with size increases of 6 .9  ± 1.5 nm and 9.0 ± 1.0 nm observed at 0.5 and 1.0%  w/v 

respectively. However only the size increase at 1.0% w/v P338 (IC I) was statistically 

significant (p<0.05).

The mean diameters of formulations incubated with poloxamers P338 (ICI) and P407  

(Blagden) at 25°C  increased in similar, approximately linear increments as poloxamer 

concentration was increased from 0 to 1.0%  w/v (figure 3.7).

Figure 3.7 Mean diameter of FT extruded EPC liposomes incubated 
with poloxamers at 25 C for 24 hours (n=3 ± s.d.)
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Size increases were significant at concentrations >0.2%  w/v P338 (ICI) and >0.3%  w/v 

P407 (Blagden) (p<0.05). Size increases of 9.5 ± 1.1 nm and 15.7 ± 2.6 nm were 

observed at 0 .5%  w/v and 1% w/v P338 (IC I) respectively. This compares with
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9.6 ± 1.8 nm and 13.4 ± 2.9 nm at 0.5 and 1% w/v P407 (Blagden). Mean diameters 

of liposomes incubated with P338 (Blagden) were not significantly different to that of 

the control sample at concentrations up to 0.5%  w/v (p<0.05), however, a significant 

increase in diameter (5.5 ± 2.2 nm) was detected at 1% w/v P338 (Blagden). Mean  

diameters of liposomes incubated with P407 (ICI) were not significantly different to that 

of the control sample at any concentration (p<0.05).

The mean diameters of formulations incubated with poloxamers P338 (ICI), P338  

(Blagden) and P407 (Blagden) at 37°C, increased as poloxamer concentration was 

increased from 0 to 1.0%  w/v (figure 3.8). The increment of size increase decreased 

at concentrations above 0.2 or 0.3%  w/v suggesting that phospholipid bilayers may be 

saturated with poloxamer above these concentrations. Mean diameters were 

significantly increased for formulations incubated with ^0.1%  w/v P338 (ICI and 

Blagden), and all concentrations of P407 (Blagden) (p<0.05). Mean diameters of 

preparations containing 0.5%  w/v P338 (ICI), P338 (Blagden) and P407 (Blagden) were

18.5 ± 0.5 nm, 18.3 ± 0.6 nm and 15.0 ± 1.3 nm higher than that of the control sample.

Figure 3.8 Mean diameter of FT extruded EPC liposomes incubated 
with poloxamers at 37 C for 24 hours (n=3 ± s.d.)
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A progressive increase in mean diameter was observed as P407 (ICI) concentration 

was increased from 0.1 to 1% w/v with significant increases in mean diameter 

(compared to the control sample) at concentrations ^0.2% w/v (p<0.05). For example, 

at 0.5% w/v P407 (ICI), a size increase of 7.4 ± 0.8 nm was measured.

These results suggest that the magnitude of the size increase is influenced by the 

structure of the poloxamer used, and by the nature of the specific poloxamer sample, 

since equivalent poloxamer samples obtained from different manufacturers produced 

different increases in mean diameter.

Incubation temperature also influenced vesicle diameter, with increasing temperatures 

resulting in greater vesicle diameters. The changes in diameter promoted by each 

poloxamer at the three incubation temperatures are shown in figures 3.9 to 3.12. These 

figures show the data from figures 3.6 to 3.8, replotted to clarify the relationship 

between temperature and concentration for each poloxamer in modifying vesicle 

diameter. Figure 3.9 shows the effect of incubation temperature on the change in mean 

diameter of freeze-thaw extruded EPC liposomes, following incubation for 24 hours with 

P338 (ICI) at 18, 25 and 37°C. At each poloxamer concentration studied, the increase 

in mean diameter was highest at 37°C followed by 25°C and 18°C. The mean 

diameters of preparations incubated at 18 and 25°C increased in an approximately 

linear manner as P338 (ICI) concentration was increased from 0 to 1 % w/v. At 37°C the 

increases in mean diameter were significantly greater (p<0.05) than at 18 or 25°C at 

concentrations greater than 0.1% w/v P338 (ICI). The curve equates to an 

approximately exponential model suggesting that the bilayer may have started to 

become saturated with poloxamer at concentrations greater than about 0.5% w/v.

141



Figure 3.9 Change in mean diameter of FT extruded EPC liposomes
incubated with P338 (ICI) at 18, 25 or 37 C for 24 hours (n=3 ± s.d.)
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These results suggest that P338 (ICI) has a greater affinity for EPC liposomes at 37°C 

than at 18 or 25°C. This may relate to the micellization behaviour of the poloxamer 

molecules. Around or above the CMT, the poloxamer may be more likely to adsorb to 

the liposome bilayer due to the thermodynamically driven need to shield the POP 

moiety from the aqueous environment. The temperature at the onset of micellization 

(TJ is 25.9°C and peak temperature of micellization (T^J is 32.2°C for P338 (ICI) at 

infinite dilution as determined by HSDSC (see section 5.3.1). This indicates that the 

CMT of P338 (ICI) is between 25 and 32°C, suggesting a greater level of interaction 

between the two components of the system at temperatures above the CMT of the 

poloxamer.

The mean diameter of vesicles incubated with P407 (ICI) at 18 and 25°C did not 

significantly change at concentrations between 0 and 1% w/v. However, significant size 

increases were observed with preparations incubated at 37°C at poloxamer 

concentrations above 0.2% w/v (p<0.05) (figure 3.10). According to HSDSC analysis 

P407 (ICI) had a higher CMT than previously reported for P407 (Hecht and Hoffman,
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1995), with T q= 36.6°C  and 43 .0°C  at infinite dilution (see section 4 .3 .1) (much 

higher than P407 [Blagden]). This suggests that at lower temperatures, it is less 

probable that poloxamer and liposome will interact. At temperatures at, and above the 

CMT, thermodynamic factors dictate that the POP moiety is shielded from the aqueous 

environment. This coincides with a large increase in the apparent diameter of freeze- 

thaw extruded liposomes, and suggests that the size increase may be due to the POP  

moiety adsorbing to, or penetrating into the liposome bilayer.

Figure 3.10 Change in mean diameter of FT extruded EPC liposomes
incubated with P407 (ICI) at 18, 25 or 37 C for 24 hours (n=3 ± s.d.)
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Similar results were obtained for preparations incubated with P338 (Blagden), with 

insignificant changes in mean vesicle diameter for samples incubated at 18 or 25°C , 

but significant size increases for preparations incubated at 37°C  at poloxamer 

concentrations above 0.1%  w/v (p<0.05) (figure 3.11). The T^ and T |̂  ̂ of P338  

(Blagden) are 31.7°C  and 36.3°C  respectively at infinite dilution (as determined by 

HSDSC [section 4.3 .1]), higher than that of P338 (ICI). This may account for the 

differences between the size increases of freeze-thaw extruded liposomes incubated 

with the two P338 samples at 18 and 25°C  since P338 (IC I) has a lower C M T and will
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consequently dehydrate its POP blocks at a lower temperature than P338 (Blagden).

Figure 3.11 Change in mean diameter of FT extruded EPC liposomes 
incubated with P338 (Blagden) at 18, 25 or 37 C for 24 hours (n-3  ± s.d.)
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Dispersions incubated with P407 (Blagden) increased in diameter when incubated at 

25 and 37°C but not at 18°C (figure 3.12). Size increases were significant at poloxamer 

concentrations above 0.3%  w/v (p<0.05) for preparations incubated at 25°C  and at all 

poloxamer concentrations for preparations incubated at 37°C  (p<0.05). The and 

of P407 (Blagden) are 25.8°C  and 29.2°C  respectively at infinite dilution (section 4.3.1) 

which suggests that P407 (Blagden) showed increased affinity for liposomes at 

temperatures around and above its CM T.
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Figure 3.12 Change in mean diameter of FT extruded EPC liposomes
incubated with P407 (Blagden) at 18, 25 or 37 C for 24 hours (n=3 ±s.d.)
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3.3.3.2 Further investigations into the effect of incubation temperature on the 

mean diameter of small EPC liposomes

Temperature had a complex effect on the influence of poloxamers on the size of 

freeze-thaw extruded EPC liposomes (figures 3.13 and 3.14). Smaller changes in mean 

diameter (from the poloxamer-free control samples) were observed for all poloxamer- 

containing formulations as temperature was raised from 4 to 15°C (4 to 18X for P407 

[Blagden]). Adsorption is an exothermic process so it becomes thermodynamically less 

favourable for an interaction to occur as more thermal energy is put into the system 

(see section 1.2.5.1). A trough region was observed from 15 to 22°C for preparations 

incubated with P338 (ICI) and P338 (Blagden), and from 15 to 25°C for those 

incubated with P407 (ICI), throughout which temperature had little effect on the change 

in mean diameter. As the temperature of each system was raised above 25°C larger 

increases in size were observed for all poloxamers. This is probably related to 

micellization behaviour of the poloxamers since the CMC of poloxamers decreases as 

temperature increases.
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Figure 3.13 The influence of incubation temperature on change in
mean diameter of FT extruded EPC liposomes incubated with 0.3%
w/v P338 for 24 hours (n=4 ± s.d.)
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Figure 3.14 The influence of incubation temperature on change in 
mean diameter of FT extruded EPC liposomes incubated with 0.3% w/v 
P407 for 24 hours (n=4 ± s.d.)
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The poloxamer CMT appears to be related to the size increases observed at higher 

temperatures. At45°C the mean diameters of preparations containing P338 (ICI), P338 

(Blagden) and P407 (Blagden) were lower although not significantly different from those 

at 37°C (p<0.05). The data suggests that the greatest interaction between EPC 

liposomes and poloxamers was at temperatures near to the CMT of the specific 

poloxamer. It is possible that at temperatures above the CMT the system may have 

returned to a characteristic temperature / adsorption relationship as temperature was 

increased above the CMT although results were inconclusive.

The poloxamers investigated had different CMTs and this should relate to their 

performance in the system. Literature reports indicate that P407 has a lower CMC than 

P338 (see table 2.1), and it should therefore leave the ‘trough region’ at a lower 

temperature than P338. This is indeed the case for poloxamers obtained from Blagden 

chemicals but not by those obtained from ICI. The difference may relate to their purity: 

on examination of CMT data (from HSDSC scans of dilute poloxamer solutions [section 

4.3.1]) it is obvious that there is a greater temperature difference between the onset 

(To) and peak (T̂ Ĵ values of poloxamers supplied by ICI than those of poloxamers 

supplied by Blagden suggesting that the ICI product was less pure (Wanka et al, 1990).

No significant differences (p<0.05) in size polydispersity were observed with poloxamer 

containing formulations as temperature was increased, suggesting that the size 

increase was not due to aggregation of vesicles (table 3.1). Indeed, adsorption of 

poloxamers to liposomes may be expected to promote a decrease in polydispersity due 

to steric stabilization (see section 1.2.5.1), with the poloxamer providing a steric barrier 

to contact with other vesicles and therefore reducing aggregation. However, no 

differences in polydispersity could be discerned. The highest polydispersity was 

obtained for poloxamer-free liposomes incubated at 45°C (polydispersity index= 0.16 

± 0.06).
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Table 3.1 Polydispersity index of smali EPC liposomes incubated with 0.3% w/v
poloxamer at 25'*C for 24 hours (n=4 ± s.d.)

Incubation 

temp (°C)

Polydispersity index (±  s.d.)

No

poloxamer

P338

(ICI)

P407

(ICI)

P338

(Blagden)

P407

(Blagden)

4 0.07 ± 0.01 0.10 ± 0.04 0.09 ± 0.03 0.09 ± 0.01 0.08 ± 0.02

15 0.05 ± 0.03 0.06 ± 0.02 0.06 ± 0.02 0.07 ± 0.01 0.07 ± 0.03

18 0.08 ± 0.02 0.10 ± 0.01 0.08 ± 0.01 0.10 ± 0.02 0.07 ± 0.01

22 0.06 ± 0.01 0.08 ± 0.02 0.10 ± 0.03 0.08 ± 0.02 0.09 ± 0.02

25 0.10 ± 0.01 0.08 ± 0.03 0.07 ± 0.04 0.08 ± 0.03 0.08 ± 0.01

30 0.11 ± 0.02 0.07 ± 0.01 0.11 ± 0.03 0.09 ± 0.03 0.08 ± 0.03

37 0.10 ± 0.05 0.08 ± 0.01 0.09 ± 0.01 0.10 ± 0.04 0.09 ± 0.01

45 0.16 ± 0.06 0.10 ± 0.04 0.10 ± 0.02 0.08 ± 0.01 0.09 ± 0.04

Since adsorption is normally an exothermic process, one would expect the affinity of 

an adsorbing species to reduce as temperature increases. Carthew (1996) 

demonstrated that poloxamers do not necessarily behave in this fashion: a complex 

adsorption profile was observed, with the amount of poloxamer (P338) adsorbing to a 

model drug (atovaquone) decreasing as temperature was increased to 25°C, when 

there was a minimum in the adsorption curve. At greater than 25 °C the amount of P338 

adsorbing increased to a maximum at approximately 38°C, after which a return to the 

expected behaviour was seen with adsorption falling as temperature was increased. 

Thus there was apparently some change in the characteristics of the poloxamer 

molecule that caused the adsorbing species to interact most at approximately 38°C. 

This is likely to be related to the micellization behaviour of the poloxamer.

The PCS data for extruded EPC liposomes agrees with the results of Carthew (1996). 

At temperatures around and above the CMT, the poloxamer molecule must find a 

means of dehydrating its POP moiety. This could be achieved by forming a multi- 

molecular aggregate with other poloxamer molecules or by adsorbing to a hydrophobic 

surface. The latter could involve penetration into the hydrophobic region of the
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phospholipid bilayer. Greater numbers of poloxamer molecules interacting with EPC 

liposomes would be likely to change the conformation of individual POE moieties 

extending from the surface of the bilayer (see section 1.5.2). At low surface 

concentrations of poloxamer, POE chains would lie relatively flat on the liposome 

surface in the so-called ‘pancake’ formation. At higher concentrations, individual POE 

moieties begin to sterically interact with one another, causing the POE chains to 

protrude further from the liposome surface. The POE chains would be forced into the 

‘mushroom’ formation and eventually the ‘brush’ formation, with a consequent increase 

in vesicle diameter.

Although the phospholipid bilayer of EPC liposomes existed in the liquid crystalline 

state at all of the temperatures studied, increasing the incubation temperature would 

have some effect on the fluidity of the bilayer possibly making the vesicles more 

permeable to foreign species such as poloxamers. Typically an Arrhenius type 

relationship between temperature and permeability is followed for liposomes not 

undergoing a phase transition (Lasic, 1993a).

Association of poloxamer micelles with liposomes would theoretically promote sizeable 

increases in vesicle diameter. However, this would probably involve an association of 

POE moieties extending from the micelle with the polar surface of the vesicle. However 

POE micelles have previously been shown not to adsorb to liposomes (Evans and 

Needham, 1988). If poloxamers associate with liposomes by anchoring of the POP 

block to the phospholipid bilayer then it seems unlikely that multi-molecular poloxamer 

micelles would associate with liposomes since POE moieties osmotically repel one 

another (Munch and Gast, 1988; Stolnik et al, 1995). This discounts association of POE 

chains extending from the surface of a liposome with POE moieties projecting from a 

poloxamer micelle.

3.3.4 Effect of phospholipid concentration on the mean diameter of smail EPC 

liposomes

Greater size increases were seen when poloxamers were incubated with lower
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concentrations of small EPC liposomes (figures 3.15 and 3.16). The largest size 

increases were observed at the lowest phospholipid concentration for formulations 

incubated with either P338 (ICI) or P407 (Blagden). This was expected since there was 

less total liposome surface area available for poloxamers to interact with. Differences 

between the mean diameters of 2 mg/ml liposomes and 5 or 10 mg/ml liposomes were 

significant following incubation with P338 (IC I) or P407 (Blagden) (p<0.05), but the 

difference between the mean diameters of 5 and 10 mg/ml liposomes were not 

significant following incubation with either poloxamer (p<0.05). A very small difference 

was recorded between 2 mg/ml EPC preparations containing 0.5%  w/v and 1% w/v 

poloxamer. The higher concentration liposome suspensions were still increasing in size 

between 0.5 and 1% w/v poloxamer. This suggests that the 2 mg/ml liposomes may 

have become saturated with poloxamer, so that no further molecules could adhere to 

them. This correlates with the results of Jamshaid et al (1988) who stated that bilayer 

saturation of 0.5 mg/ml EPC SUVs occurred at poloxamer concentrations between 

approximately 0.1 and 0.2%  w/v.

Figure 3.15 Change in mean diameter of FT extruded EPC liposomes 
incubated with P338 (ICI) at 25 C for 24 hours (n=3 ± s.d.)
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Figure 3.16 Change in mean diameter of FT extruded EPC liposomes
incubated with P407 (Blagden) at 25 C for 24 hours (n=3 ± s.d.)
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3.3.5 Effect of high concentrations of poloxamer on the mean diameter of small 

EPC liposomes

Changes in the mean diameter of FT extruded EPC liposomes incubated at 25°C  with 

concentrations of poloxamers up to 5% w/v are shown in figure 3.17. Size increases 

of preparations incubated with P338 (IC I) and P407 (Blagden) increased in an 

exponential m anner as poloxamer concentration was increased to 5% w/v. Changes 

in mean diameter were significant at concentrations ^0.2%  w/v P338 (ICI) and >0.3%  

w/v P407 (Blagden) (p<0.05). Mean diameters of preparations incubated with P407  

(IC I) were significantly higher than those of the control sample at poloxamer 

concentrations ^3% w/v (p<0.05). Mean diameters of liposomes incubated with P338  

(Blagden) increased significantly at concentrations k1%  w/v (p<0.05) and changes in 

mean diam eter continued to increase up to a poloxamer concentration of 5% w/v.

The results suggest that vesicles incubated with P338 (IC I) and P407 (Blagden) may 

become saturated with poloxamer at higher concentrations. Since 25°C  is close to the
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C M T of these poloxamers at infinite dilution (see section 4 .3 .1 ), and the C M T is 

reduced as poloxamer concentration is increased, micellization is likely at the higher 

poloxamer concentrations. This may result in an increased affinity of poloxamers for 

liposome bilayers as PO P moieties attempt to dehydrate.

Figure 3.17 Change in mean diameter of FT extruded EPC liposomes 
incubated with poloxamers at 25®C for 24 hours (n=3 ± s.d.)
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The mean diameters of preparations incubated with P407 (ICI) were lower than those 

of preparations incubated with other poloxamers, suggesting that only a small 

proportion of P407 (IC I) molecules interacted with the liposomes. This indicates that 

P407 (ICI) had a lower affinity for the liposome bilayer at all concentrations measured. 

This may be due to fact that the C M T of P407 (IC I) was higher than that of other 

poloxamers studied (section 4.3 .1).

Changes in mean diameters of FT extruded EPC liposomes incubated with up to 5%  

w/v poloxamers at 37°C  are shown in figure 3.18. Preparations incubated with P407  

(Blagden) exhibited a poloxamer concentration dependent increase in mean diameter 

up to 0.5%  w/v P407 (Blagden), above which there was a plateau with little further
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increase in mean diameter. This suggests that the bilayer may have become saturated 

with P407 (Blagden). The mean diameter of preparations incubated with P407 (ICI) 

increased rapidly as poloxamer concentration was increased to 2% w/v, above which 

further increases were small, and changes in mean diameter were similar to those 

obtained following incubation with ‘saturation’ concentrations of P407 (Blagden). The 

maximum size increases obtained following incubation with P407 (ICI) and P407 

(Blagden) (approximately 17 nm) equate to adsorbed layer thicknesses of 

approximately 8.5 nm. This is in good agreement with Jamshaid et al (1988), who 

detected a maximum adsorbed layer thickness of approximately 8 nm when P407 was 

added to EPC SUVs. The results may indicate that both P407 samples have a similar 

length POE moiety although a higher concentration of P407 (ICI) was required to 

produce a maximal size increase. This may be due to a preponderance of di-block 

copolymers in the P407 (ICI) sample.

Figure 3.18 Change in mean diameter of FT extruded EPC liposomes
incubated with poloxamers at for 24 hours (n=3 ± s.d.)
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Formulations incubated with poloxamer P338 (ICI) at 37°C displayed a concentration 

dependent increase in mean diameter as poloxamer concentration was increased to 

3% w/v, above which no further increase was observed. This suggests that a greater
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concentration of P338 (ICI) than P407 was required to saturate the membrane. The 

maximal increase in diameter was 26.3 ±1.6 nm, which equates to an adsorbed layer 

thickness of approximately 13 nm. This is slightly higher than the value of 10.3 nm 

reported by Jamshaid et al (1988) for P338 added to EPC SUVs. Size increases were 

larger than those produced by P407, with similar values obtained for formulations 

incubated with poloxamer P338 (Blagden). The larger size increases are probably due 

to the longer POE chains of P338, and may also be due to its more compact POP 

moiety, which could theoretically allow a more dense coverage of P338 than P407, 

since each POP block would cause less disruption to the phospholipid bilayer. A higher 

coverage of poloxamer molecules would increase the interaction of individual POE 

chains protruding from the liposome surface causing them to extend further into the 

aqueous space.

There was no evidence from the PCS data, of high concentrations of poloxamer 

solubilizing the phospholipid bilayers of freeze-thawed extruded EPC liposomes, as 

there was no change in polydispersity index and no apparent reduction in vesicle 

diameter or intensity of the PCS signal.

3.3.6 Effect of cholesterol on the mean diameter of small EPC liposomes 

incubated with poioxamer solutions

A smaller size increase was detected on addition of 0.5% w/v P338 (ICI) to cholesterol- 

containing liposomes than to cholesterol-free formulations (figure 3.19). The change 

in mean diameter of the cholesterol-free sample was approximately double that of 

cholesterol-containing formulations following incubation with poloxamer. The 

differences between the cholesterol-free and cholesterol containing formulations were 

statistically significant in all cases (p<0.05). The results suggest that cholesterol 

reduced the interaction between liposomes and poloxamer P338 (ICI). The effect was 

not dependent on the concentration of cholesterol. Mean polydispersities were less 

than 0.1 for all preparations, indicating that all populations had narrow size 

distributions. Cholesterol had little influence on the values obtained for P407 (ICI) with
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no significant size increases observed for any P407 (ICI) containing formulation 

(p<0.05). The differences between the cholesterol-free and cholesterol containing 

preparations were not statistically significant in any case (p<0.05).

This data provides evidence that the interaction between P338 (ICI) and small EPC 

liposomes may be due to penetration of the POP moiety into the phospholipid bilayer, 

since the presence of cholesterol reduces the interaction. Higher concentrations of 

cholesterol are likely to inhibit the interaction to a greater extent than lower ones since 

the fluidity of liquid-crystalline phospholipid bilayers is reduced as the cholesterol 

concentration is increased (Oldfield and Chapman, 1972). However there was no 

significant difference between the change in mean diameter of vesicles containing 

between 10 and 50% mol cholesterol (p<0.05).

Figure 3.19 Influence of cholesterol concentration on change In 
mean diameter of FT extruded EPC /  chol liposomes Incubated at 
25 C for 24 hours with 0.5% w/v poloxamer (n=3 ± s.d.)
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3.3.7 Addition of poloxamers to liposomes prepared from DMPC

The mean diameters of freeze-thaw extruded 2 mg/ml DMPC liposomes incubated with
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P338 (IC I) at 18, 25 and 37°C are shown in figure 3.20. At 18°C, an approximately 

linear increase in mean diameter was observed as the concentration of P338 (ICI) was 

increased. Changes in mean diameter were significant at kO.1% w/v P338 (ICI) 

(p<0.05). A temperature of 18°C is between the pre- and main transition of DM PC  

liposomes and bilayers adopt the Pp. (‘ripple’) conformation (Tardieu et al, 1973). The  

concentration dependent increase was similar to that seen with small 10 mg/ml EPC  

liposomes incubated with P338 (ICI) at 1 8 X  (see figure 3.9). The results suggest that 

there is an interaction between the two components at this temperature. The C M T of 

P338 (ICI) is above 18°C at all concentrations studied here (see section 4 .3 .1), which 

may explain why the size increase was less than at higher temperatures.

Larger size increases were observed at 25°C , with a maximal diameter detected at 

0.5%  w/v P338 (ICI) after which there was a decrease in the mean diameter of vesicles. 

Changes in mean diameter were significant at concentrations of 0.05 to 0.5%  w/v P338  

(IC I) (p<0.05).

Figure 3.20 Mean diameter of FT extruded 2 mg/ml DMPC liposomes
incubated with P338 (ICI) at 18, 25 or 37 C for 24 hours
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At 37°C, the highest mean diameter was observed at 0.5% w/v P338 (ICI) after which 

there was a sharp decrease in mean diameter of liposomes. Changes in mean 

diameter were significant at 0.05 to 0.5% w/v P338 (ICI) (p<0.05). The greater size 

increases at 25°C than 37°C may be due to the fact that 25°C is close to the gel to 

liquid-crystalline phase transition temperature of DMPC liposomes (24°C). Liposome 

bilayers are most permeable at the T̂ , probably due to boundary defects formed 

between gel-state phospholipid molecules and liquid-crystalline state molecules during 

melting (Nagle and Scott, 1978; Deamer and Bramhall 1986). This may improve the 

penetration of the hydrophobic moiety of the poloxamer into the hydrophobic region of 

the bilayer. The decrease in size detected for preparations incubated with 1 % w/v P338 

(ICI) at 25 and 37°C may indicate that liposomes were starting to be solubilized by the 

poloxamer molecules with the probable formation of mixed micelles. A decrease in 

diameter of soybean phosphatidylcholine liposomes at poloxamer (P407) 

concentrations above 5% w/v poloxamer, previously reported by Kostarelos et al 

(1995), was ascribed to the formation of mixed micelles.

The mean diameters of DMPC liposomes incubated with P407 (ICI) at 18,25 and 37°C 

are shown in figure 3.21. At 18°C, a linear increase in mean diameter was observed 

as the concentration of P407 (Blagden) was increased. Changes in mean diameter 

were significant at kO.3% w/v P407 (Blagden) (p<0.05). The CMT of P407 (Blagden) 

is above 18°C at all concentrations studied here (see section 4.3.1). At 25°C the mean 

diameter of liposomes was highest at 0.3% w/v P407 (Blagden), after which there was 

a decrease in the mean diameter of vesicles. Changes in mean diameter were 

significant at concentrations of 0.05 to 0.5% w/v P407 (Blagden) (p<0.05). At 37°C, the 

highest mean diameter was detected at 0.1% w/v P407 (Blagden), after which there 

was a steady decrease in mean diameter. Changes in mean diameter were significant 

at 0.05 to 0.5% w/v P407 (Blagden) (p<0.05).

Size increases were higher at 37°C than 25°C. This contrasts with the results obtained 

for preparations incubated with P338 (ICI), and was more akin to that exhibited by EPC 

liposomes, suggesting that poloxamer CMT was the most influential parameter. It is 

clear that both poloxamer CMT and liposome phase transition influence the magnitude
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of size increase observed for DM PC liposomes, with bilayers most disordered around 

the T^and poloxamers seemingly more likely to adsorb at temperatures near to their 

CMT.

Figure 3.21 Mean diameter of FT extruded 2 mg/ml DMPC liposomes 
incubated with P407 (Blagden) at 18, 25 or 37 C for 24 hours
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3.3.8 Colourimetric assay results

3.3.8.1 Calibration plots

A typical calibration plot of the absorbance readings of a dilute poloxamer solution 

(P338 [ICI]) at various concentrations is shown in figure 3.22. Linear regression was 

applied to calculate the regression coefficient (R) and gradient for each plot (table 3.2).
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Figure 3.22 Calibration plot for UVabsorbance of P338 (ICI) solutions 
at 500 nm (n=3 ± s.d.)
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Table 3.2 Regression coefficient and gradient from calibration plots o f UV  

absorbance for poloxamer solutions at 500 nm

Poloxamer R Gradient

P338 (ICI) 0.9996 1.114

P407 (ICI) 0.9988 1.032

P338 (Blagden) 0.9998 1.137

P407 (Blagden) 0.9995 0.923

3.3 8.2 Assessment of different poloxamer samples

The diameter of EPC liposomes was standardized by extruding ten times through two 

0.6 pm pore filters and these preparations were termed ‘extruded liposomes’. The total
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mean masses of poloxamers P338 (ICI), P338 (Blagden), P407 (IC I) and P407  

(Blagden) that associated with 10 ml of 1 mg/ml extruded EPC liposomes following 

incubation at 25°C  for 24 hours, are shown in figures 3.23 and 3.24. The mean mass 

of P338 (ICI) that associated, increased as poloxamer concentration was increased to 

0.75%  w/v. For example, 5.4 ± 0.4 mg associated following incubation with 0.5%  w/v 

P338 (IC I). The mean mass of P338 (Blagden) that associated, increased as 

poloxamer concentration was increased to 1% w/v, with a gradual increase observed 

between 0.1 and 1% w/v poloxamer. These results agree with PCS data suggest that 

a greater quantity of P338 (IC I) associated with liposomes than P338 (Blagden). The  

difference between the quantities of the two batches of poloxamer that associated with 

liposomes was statistically significant (p<0.05). The difference probably relates to the 

C M T of each poloxamer. P338 (IC I) has a lower C M T than P338 (Blagden) (section 

4.3.1) and so probably has a greater affinity for liposomes at 25°C .

Figure 3.23 Mean mass of P338 associated with extruded EPC
liposomes after incubation at 25°C for 24 hours (n=3 ± s.d.)
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The mean mass of P407 (IC I) associated with liposomes increased as poloxamer 

concentration was increased to 0.3%  w/v (figure 3.24), with significant masses
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associated at concentrations ^0.2%  w/v P407 (ICI) (p<0.05). Above 0.3%  w/v P407  

(IC I), a relatively flat region was observed suggesting that no further poloxamer 

associated above this concentration. The mean mass of P407 (Blagden) that 

associated, increased as poloxamer concentration was increased to 0 .2%  w/v, above 

which no discernable change was observed. The difference between the quantities of 

P407 (Blagden) and P407 (IC I) that associated was statistically significant (p<0.05), 

with more P407 (Blagden) associating with liposomes during incubation at 25°C.

Figure 3.24 Mean mass of P407 associated with extruded EPC
liposomes after incubation at 25°C for 24 hours (n=3 ± s.d.)
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The fact that P338 (IC I) and P407 (Blagden) associated with liposomes in greater 

quantities than P338 (Blagden) and P407 (ICI) indicates that they had a higher affinity 

for the liposome bilayer at 25°C . This may be due to fact that the CM Ts of these  

poloxamers were lower than that of P338 (Blagden) and P407 (ICI) (see section 4.3.1).

Since a low concentration of lipid was used in this study, it is possible to estimate 

saturation quantities of poloxamers. Theoretically, if P338 (IC I) (nominal mol. wt. = 

14,000) associated with 10 mg of EPC (mol. wt. = 768) at a saturation quantity of 8 mg.

161



then approximately 1 poloxamer molecule associated per 22.8  EPC molecules (11.4  

bilayer ‘repeat’ units). Similarly, if P407 (Blagden) (nominal mol. wt = 11,500) 

associated with 10 mg of EPC at a saturation quantity of 6.5 mg then 1 poloxamer 

molecule associated with approximately 23.0 EPC molecules (11.5 bilayer ‘repeat’ 

units). Extruded 0.6 pm liposomes are likely to be a mixture of oligolamellar and some 

unilamellar vesicles, and it is probable that poloxamer molecules only interacted with 

the outer bilayer. Still, these estimated saturation quantities suggest that each 

poloxamer molecule affects a relatively large area of the bilayer surface.

3.3.8.3 Effect of incubation temperature on the mass of poloxamer associated 

with EPC liposomes

The total mean masses of poloxamer P338 (ICI) that associated with extruded EPC  

liposomes after incubation at 18, 25 or 37°C  for 24 hours are shown in figure 3.25.

Figure 3.25 Mean mass of P338 (ICI) associated with extruded EPC 
liposomes after Incubation at 18,25 or 37°C for 24 hours (n=3 ± s.d.)

10-,
— 18°C 
— 25“C 
— A— 37°C

1
'8
% "

oj 5 -

I::
I ::
I  -

0.5 0.6 0.7 0.8 0.9 1.00.0 0.1 0.2 0.3 0.4

Poloxamer concentration (%w/\^

162



For preparations incubated at 18°C, the mean mass of P338 (ICI) associated increased 

as the poloxamer concentration was increased over the concentration range 

investigated. However, the quantities of poloxamer that associated at 25°C and 37°C 

were significantly greater than at 18°C (p<0.05), indicating that greater quantities of 

P338 (ICI) associated with liposomes at 25 and 37°C than at 18°C and therefore 

correlating with results from PCS studies (section 3.3.3).

Any difference in amount associated probably relates to the poloxamer CMT, with P338 

(ICI) showing a greater affinity for liposomes at temperatures approaching and above 

its CMT. The difference between the amounts associated at 25 and 37°C was not 

statistically significant (p<0.05). This could be due to the relatively low phospholipid 

concentration compared to PCS experiments. It was demonstrated in section 3.3.3 that 

phospholipid concentration had a marked effect on the particle size of poloxamer- 

containing formulations, with greater size increases seen (figures 3.15 and 3.16) at 

lower phospholipid concentrations for a given concentration of poloxamer.

If a certain proportion of the total number of poloxamer molecules present associate 

with liposomes at a given temperature and poloxamer concentration, then a reduction 

in lipid concentration would increase the number of poloxamer molecules competing 

for each phospholipid bilayer. Poloxamer molecules would continue to associate with 

the liposomes until the total proportion available had interacted or saturation coverage 

had been reached. Therefore a lower concentration of poloxamer would be required 

to saturate the bilayer as phospholipid concentration was reduced. A maximum quantity 

of approximately 8 mg associated with 10 mg of phospholipid at both 25 and 37°C, 

suggesting that this could be the ‘saturation’ level of poloxamer for extruded 0.6 pm 

EPC liposomes.

3.3 8.4 Comparison of different phospholipids

The total mean masses of poloxamer P338 (ICI) that associated with extruded EPC, 

DMPC and DPPC liposomes after incubation at 18°C for 24 hours are shown in
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figure 3.26. Significant masses of poloxamer associated with extruded EPC liposomes 

at concentrations ^0.1%  w/v P338 (ICI) (p<0.05) as detailed in section 3.3 .8 .3 . Similar 

masses of P338 (ICI) associated with DM PC liposomes, with no significant difference 

between the mean mass of poloxamer that associated with EPC and DM PC liposomes 

at 1 8 X  (p<0.05). However, significantly less poloxamer associated with DPPC  

liposomes than with EPC or DM PC liposomes, with no significant mass of P338 (ICI) 

associated with DPPC liposomes at any concentration (p<0.05).

Figure 3.26 Mean mass of P338 (ICI) associated with extruded 
liposomes after incubation at 18°C for 24 hours (n=3 ± s.d.)
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The fact that EPC bi layers exist in the L„ state and DM PC liposomes in the Pp. state at 

18°C, apparently had no discernable effect on the mass of P338 (IC I) that associated 

with either formulation. However, the results indicate that poloxamer did not associate 

with DPPC liposomes to any great extent during incubation at 18 X .  At this temperature 

DPPC liposome bilayers exist in the Lp. (gel) state, and this appears to inhibit the 

interaction with poloxamers. This agrees with the findings of Moghimi et al (1991) who 

found no evidence of an interaction between poloxamers and solid state liposomes 

using PCS and laser doppler anenometry. Results obtained using H SDSC also
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suggested that there was no interaction since the pre-transition enthalpy of DPPC  

liposomes was not reduced following incubation with poloxamers at 18°C (see section 

4 .3 .4 2 ) .

3.3.8.S Effect of freeze-thawing on the mass of poloxamer associated with DMPC 

and DPPC liposomes

Freeze-thawing markedly increased the mean mass of poloxamer P338 (ICI) that 

associated with both DM PC and DPPC liposomes (figure 3.27). Before freeze-thawing 

significant quantities of poloxamer had associated with DM PC liposomes incubated 

with both 0.1 and 0.5%  w/v P338 (ICI). However the mean mass of poloxamer that 

associated with DPPC liposomes before freeze-thawing was insignificant at both 

concentrations (p<0.05).

Figure 3.27 Effect of freeze-thawing on the mean mass of P338 (ICI)
associated with extruded DMPC or DPPC liposomes (n=3 ± s.d.)
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Significant increases in the mean mass of poloxamer associated were detected after 

exposure to five freeze-thaw cycles. After freeze-thawing 3.2 ± 0.6 mg and 6.7 ± 1.0 

mg had associated with DMPC liposomes at poloxamer concentrations of 0.1 and 0.5% 

w/v respectively. Both values were significantly higher than quantities associated before 

freeze-thawing (p<0.05). After freeze-thawing, significant quantities of P338 (ICI) had 

also associated with DPPC liposomes (p<0.05), with 3.3 ± 1.6 mg and 6.7 ± 2.9 mg 

associated at poloxamer concentrations of 0.1 and 0.5% w/v respectively.

It has previously been demonstrated that freeze-thawing may be used to load aqueous 

solutes into liposomes (Mayer et al, 1985).These results indicate that freeze-thawing 

may be used to improve the interaction between liposomes and poloxamers. This 

agrees with the results obtained from HSDSC analysis (section 4.3.4.2), in which 

reductions in pre-transition enthalpies were promoted by freeze-thawing.

3.4 Conclusion

The interaction between liposomes and poloxamers P338 (ICI), P407 (ICI), P338 

(Blagden) and P407 (Blagden) was demonstrated using PCS analysis and a 

colourimetric assay. PCS analysis showed that size increases were produced directly 

after addition of poloxamers P338 (ICI), P338 (Blagden) and P407 (Blagden) to freeze- 

thaw extruded EPC liposomes, with further small increases in size observed following 

incubation at 25°C. No further increases were observed after 15 hours incubation. 

Incubation temperatures were controlled since temperature affects both the state of 

phospholipid bilayers and the micellization behaviour of poloxamer surfactants. 

Incubation of small EPC liposomes with poloxamers P338 (ICI) or P407 (Blagden) at 

18 and 25°C was shown to promote larger size increases than seen with P338 

(Blagden) and P407 (ICI). The colourimetric assay confirmed the validity of the PCS 

results by showing that the quantities of P338 (ICI) and P407 (Blagden) that had 

associated with EPC liposomes following incubation at 25°C, were greater than the 

quantities of P338 (Blagden) and P407 (ICI) that had associated. The difference 

probably relates to the CMT of each poloxamer since solutions of poloxamers P338
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(ICI) and P407 (Blagden) were shown to form micelles at lower temperatures than 

P338 (Blagden) and P407 (ICI) (section 4.3.1). Indeed at 37°C (above the CMT of 

P338 [Blagden]), preparations incubated with poloxamer P338 (Blagden) showed 

similar size increases to those incubated with P338 (ICI). P407 (ICI) promoted 

significant increases in the mean diameter of small EPC liposomes at 37°C, although 

these were not as high as those promoted by P407 (Blagden), except at concentrations 

of 2% w/v and greater. This concentration is likely to coincide with micellization of P407 

(ICI), since increasing the concentration of a poloxamer solution reduces its CMT. The 

difference between the behaviour of the two P407 samples may be due to the 

presence of a large proportion of di-block copolymers in the P407 sample obtained 

from ICI, since a much higher concentration of P407 (ICI) was required to produce a 

maximal size increase.

PCS analysis of freeze-thaw extruded EPC liposomes incubated with fixed 

concentrations of poloxamers confirmed that incubation temperature had a marked 

effect on mean diameter, with greater size increases produced by poloxamers following 

incubation at temperatures approaching their CMT. This behaviour contradicts that of 

a conventional adsorption process and suggests that the poloxamer molecules are 

more likely to interact with liposomes at temperatures near to their CMT. This may be 

caused by an increased thermodynamic pressure to shield the POP moieties from the 

aqueous medium. Association with the hydrophobic region of a phospholipid bilayer 

represents one method of dehydrating the POP moiety.

Poloxamers increased the mean diameter of freeze-thaw extruded DMPC liposomes. 

The association between DMPC liposomes and P338 (ICI) was quantified using a 

colourimetric assay. The masses of P338 (ICI) that associated during incubation at 

18°C were similar to quantities that associated with EPC liposomes. PCS analysis 

demonstrated that the incubation temperature influenced the magnitude of the size 

increases promoted by poloxamers. The effect of temperature was complex since both 

DMPC liposomes and poloxamers undergo their main phase transitions in the 

temperature range studied. Size increases were highest at 25°C for vesicles incubated 

with P338 (ICI) and at 37°C for those incubated with P407 (Blagden). Although
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poloxamers interacted most at temperatures around their CMT, as demonstrated 

following incubation with EPC liposomes (which do not undergo a phase transition in 

the temperature range investigated), phospholipid bilayers are most permeable at 

temperatures close to their gel to liquid-crystalline phase transition (Nagle and Scott, 

1978; Deamer and Bramhall, 1986). This indicates that both poloxamer CMT and 

liposome phase transition influenced the extent of the interaction. At 25 and 37°C, a 

small decrease in mean diameter was observed at 1% w/v poloxamer. This could be 

due to solubilization of DMPC bilayers and the subsequent formation of mixed micelles. 

No reduction in diameter was observed for EPC liposomes following incubation with 

high concentrations of poloxamers, providing further evidence that incubation close to 

the phase transition of DMPC liposomes may have augmented the interaction between 

liposome and poloxamer.

The colourimetric assay demonstrated that insignificant quantities of poloxamer 

associated with DPPC liposomes during incubation at 18°C. The fact that DPPC 

liposomes are in the gel state at 18°C is likely to inhibit the association of poloxamer 

molecules with the bilayer. Freeze-thawing significantly increased the mass of 

poloxamer associated with DMPC and DPPC liposomes following incubation at 18°C. 

This suggests that freeze-thawing may be used to improve the interaction between 

liposomes and poloxamers, and therefore to improve loading of poloxamers into solid 

state liposomes.
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Chapter Four

Thermal analysis and characterisation of

poloxamers
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4.1 Introduction

4.1.1 Principles of differential scanning calorimetry

When the temperature of any material is increased, the system will tend to attain higher 

energy levels due to excitation of electrons. The change in energy state may involve 

a co-operative change in the state of many molecules, such as the melting of ice or gel 

to liquid-crystalline phase transitions of liposomes. DSC is a sensitive thermal analysis 

technique used to detect such thermal events, and is commonly applied to study 

thermal transitions of liposomes. During DSC analysis, the experimental sample and 

an inert reference are simultaneously heated at predetermined rates. The reference 

material is used to balance the reference pan and the sample pan with respect to 

weight and / or specific heat. It should be a material that does not undergo a phase 

transition or absorb water within the measurement range, and should ideally be stable 

and unaffected by repeated heating and cooling. For example, water would be an 

appropriate reference for an aqueous dispersion heated in a sealed container from 10 

to 90°C but not if the suspension was heated from -10 to 90°C or from 10 to 110°C 

because water undergoes phase transitions at 0 and 100°C.

DSC data are presented as a thermoanalytical curve. On heating, the sample and 

reference will initially require the same amount of energy to increase in temperature at 

the desired rate. The calorimeter will register a horizontal baseline, denoting a zero 

differential power output. In power compensation DSC, when the sample undergoes 

a thermally-induced event the control system senses the resulting temperature 

differential between the sample and reference and adjusts the heat (power) supply to 

the sample cell to maintain equality with the temperature of the reference cell. 

Endothermie events such as melting or dehydration demand increased heat to maintain 

parity whereas exothermic events such as crystallization require a decreased supply 

of heat. The difference in heat supplied to the sample and reference is proportional to 

the energy change of the system and so power compensation DSC permits direct 

energy measurements to be made. When a thermal event occurs, the recorder will be 

deflected from the baseline. It will return to the baseline on completion of the thermal
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event (or to another baseline if a change in the specific heat of the sample has 

occurred). Accurate adjustment of the heat supplied to the sample pan is possible 

because the sample and reference are separately heated by two microfurnaces made 

from an inert platinum-iridium alloy mounted in an aluminium heat ‘sink’. Two separate 

control loops are used to precisely control the temperature of the furnaces. The 

average temperature control loop ensures that both furnaces are provided with the 

same amount of heat whilst the differential temperature control loop measures the 

difference in heat flow between the sample and reference and adjusts the heat 

supplied to the sample container accordingly.

An alternative design, heat flux DSC, contains a single furnace which heats both the 

sample and reference containers. The system operates on a heat leak principle. The 

temperature of both sample and reference are raised at a constant rate. If the sample 

undergoes a thermally-induced event the resulting temperature difference between 

sample and reference is measured and from this data the heat flow and specific heat 

capacity are calculated.

4.1.2 DSC measurement parameters

Before quantitative analysis, DSC apparatus should be calibrated with a suitable 

reference material of known melting point and specific heat capacity. A number of 

substances are suitable for this purpose. Indium with a purity of 99.999% is the most 

widely used.

The recorded DSC parameter is excess specific heat, as a function of temperature 

(heat flow), usually expressed as mW. Specific heat capacity is defined as the quantity 

of energy required to raise the temperature of a material by 1 °C. Figure 4.1 illustrates 

the variation in specific heat for a simple first order two-state endothermie process. The 

area under the peak (or trough depending on the convention used, see section 4.2.1.2) 

is a direct measurement of the calorimetrically determined enthalpy of transition, 

which is usually expressed in Joules/mole (J/mol) or Joules/gram (J/g). The
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temperature at which excess specific heat reaches a maximum is the phase transition 

temperature, denoted (or T J .  For a symmetrical curve is the point at which the 

thermal event is half complete. This is not so for asymmetrical curves (characteristic 

of mixtures of phospholipids, for example, DM PC / D PPC) and Tŷ , the temperature at 

the midpoint of the transition, may be reported instead (Mabrey and Sturtevant, 1976). 

ATy  ̂ is the width of the peak at half its height (also known as half-height width, HHW ). 

The onset temperature of the transition, T^ and the point at which the curve rejoins the 

baseline T^ may also be quoted. HHW , T^ and T^ are of interest when examining the 

effect of other components on the phase transition of a material (see section 4 .1 .6 ) 

(Jain and W u, 1977).

Figure 4.1 A theoretical DSC trace of the variation of excess specific heat with 

temperature during an endothermie process (adapted from McElhaney [1992])
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4.1.3 Experimental considerations for DSC analysis

The choice of a suitable heating rate is of importance in ascribing the correct 

temperature to a transition. The magnitude of a deflection from the baseline depends 

on the magnitude of the differential heating rate (McElhaney, 1982). Rapid heating 

rates give large sharp peaks but small details may be lost. Slower rates give accurate 

transition temperatures, more detail and better resolution between thermal events that
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occur close to one another (Coleman and Craig, 1996). However, slow scan rates can 

be less sensitive and small thermal events may not be detected, so a balance must be 

obtained. For a related series of analyses it seems prudent to vary scan rate as little 

as possible once an optimum value or range has been ascertained.

Sample degradation can be a problem in some circumstances, and the impact on 

results may be exacerbated by slow scan rates. The atmosphere surrounding the cell 

should be inert because oxidative degradation of the test material will influence the 

temperature and integrity of the peak. Nitrogen gas is commonly used to maintain an 

inert atmosphere during DSC analysis, although helium is more suitable for very low 

temperature work (<-80°C) because the viscosity of nitrogen increases at low 

temperatures causing the gas flow rate to decrease (Ladbrooke and Chapman, 1969). 

Aqueous systems are generally examined in sealed sample containers in order to 

prevent the escape of volatile components during warming. Section 4.2.1.3 gives a 

description of the containers used in these studies. Analysis vessels should be placed 

such that there is good thermal contact between sample pans and the instrument. 

Once the sample and reference pans or crucibles are prepared they should be loaded 

into the respective analysis chamber using forceps or a customized loading device to 

ensure they remain clean.

4.1.4 High sensitivity differential scanning calorimetry (HSDSC)

Conventional DSC instruments use small sample masses (~5 to 20 mg) to ensure a 

uniform temperature distribution and good thermal contact between the instrument and 

sample. They operate with a sensitivity of about ± 1 0  pW. Recent technological 

developments have seen the introduction of more sensitive DSC instruments capable 

of detecting signals of ± 0.5 pW. These instruments have been collectively termed high 

sensitivity differential scanning calorimeters. In order to increase both sensitivity and 

versatility, larger sample volumes, typically up to 1 ml, may be analysed. The increased 

sensitivity and capacity of HSDSC instruments permits the examination of a range of 

systems not usually suitable for study by conventional DSC. Typical examples include
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the dénaturation of proteins, phase changes in dilute polymer solutions and more 

accurate determination of phase transitions in liposomes. Both power compensation 

and heat flux HSDSC instruments are commercially available, and these operate by the 

same principles as conventional DSC.

To accurately measure small changes in heat flow, it is necessary to ensure good 

baseline stability throughout the course of an experiment. This is usually achieved by 

maintaining very accurate control of the calorimetric block temperature and ensuring 

that the properties of the sample and reference cells, such as cell volume, thermal 

conductivity, conduction pathways and heating rate are identical. Slow heating / cooling 

rates should be employed when using HSDSC since the large sample size enhances 

calorimetric sensitivity but non-uniform temperature distributions may arise at fast scan 

rates. Therefore, most HSDSC instruments have a maximum scan rate of ~ 2°C min'\

4.1.5 Differential scanning calorimetry applied to liposomes

DSC is a suitable technique for studying liposomal systems because it detects changes 

in heat flow and therefore can be applied to study thermally induced phase transitions 

such as occur in liposomes. As discussed in section 1.3, the main gel to liquid- 

crystalline phase transition involves the co-operative conversion of rigid, extended 

hydrocarbon chains to a more disordered state with greater intra- and intermolecular 

molecular motion. DSC has been extensively employed to determine the main phase 

transition profiles of synthetic and naturally occurring phospholipids. In addition, pre- 

and sub-transitions have been well characterised.

The Tc of phospholipids is dependent on the length and degree of unsaturation of the 

hydrocarbon chains and the nature of the polar head group (table 4.1). For 

phospholipids with the same headgroup and degree of hydration, increasing saturation 

in the hydrocarbon chains increases the T̂  (Ladbrooke and Chapman, 1969). For 

phospholipids with fully saturated hydrocarbon chains, increasing chain length 

increases T.and associated enthalpy (Chapman et al, 1967). The structure of the head
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group also effects T̂ . For example, substituting a choline headgroup with ethanolamine 

results in a increase in the of approximately 23°C. The influence of the head group 

depends on the ionic strength and composition of the aqueous phase (Chapman et al, 

1967; Melchior and Steim, 1976). The T̂  is well defined for high purity synthetic 

phospholipids such as DMPC and DPPC due to the highly co-operative nature of the 

transition of molecules from the gel to liquid-crystalline state. ML Vs exhibit a more co

operative phase transition than either SU Vs and LUVs (Suurkuusk et al, 1976; Kantor 

et al, 1977). Therefore, MLVs are more suitable for studying the effects of external 

agents on phospholipid bilayers using DSC (Mabrey and Sturtevant, 1976).Table 4.1 

shows the temperature and main transition of some common phospholipids at pH 7.4.

Table 4.1 Gel to liquid-crystalline phase transition temperatures of 

phosphatidylcholine bilayers (adapted from Biltonen and Lichtenberg, 1993)

Phospholipid^ Main transition temperature (T )̂ (°C) A H (kJ/mole)

DLPC (C12) -1.1 12.1

DMPC (CiJ 23.5 24.7

DPPC (Cie) 41.4 34.8

DSPC (Cis) 55.1 42.3

DAPC (C20) 61.8 49.8

DBPC (C22) 74.0 59.5

EPC -5 to -15 -

Soya PC -20 to -30 -

DPPA 67.0 22.0

DPPE 64.0 35.0

DPPS 79.0 43.0

DPPG 41.5 37.2

DLPC = dilaurylphosphatidylcholine; DMPC = dimyristoylphosphatidylcholine; DPPC = 

dipalmitoylphosphatidylcholine; DSPC = distearoylphosphatidylcholine; DAPC = diarachidylphosphatidylcholine; 

DBPC = dibehenylphosphatidylcholine; EPC = egg phosphatidylcholine; soya PC = soya phosphatidylcholine; DPPA 

= dipalmitoylphosphatidic acid; DPPS = dipalmitoylphosphatidylserine; DPPG = dipalmitoylphosphatidylglycerol
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DSC analyses of naturally occurring phospholipids such as EPC and soya PC give 

broad, less well defined transitions since they are mixtures of a number of components 

with different length saturated and unsaturated hydrocarbon chains. The main 

components of EPC are palmitoyl (Ciq) phosphatidylcholines which give broad but quite 

well defined transitions (Ladbrooke and Chapman, 1969).

4.1.6 Effect of drugs and other molecules on thermal transitions of liposomes

Conformational changes occurring during the gel to liquid-crystalline phase transition 

are transmitted between adjacent hydrocarbon chains in phospholipid bilayers. If the 

packing of the molecules within the bilayer is disrupted by the presence of an impurity, 

such as a drug molecule, it will be reflected in the thermal transition profile because the 

chain packing is interrupted and so the co-operative movement will be reduced.

The pre-transition is a very sensitive indicator of the presence of extraneous molecules 

within the phospholipid bilayer (Cater et al, 1974). It may be reduced or eradicated 

depending on the nature and concentration of the impurity. Most hydrophobic drugs will 

modify the pre-transition at concentrations below that required to modify the thermal 

profile of the main transition (Biltonen and Lichtenberg, 1993). For example, small 

amounts of melittin were shown to abolish the pre-transition endotherm of DPPC 

liposomes without significantly affecting the main transition endotherm (Posch et al, 

1983).

Since the molecular structure of an extraneous molecule determines how it partitions 

within a liposome, it follows that different molecules will alter the thermal transition 

profile in different ways. Jain and Wu (1977) attempted to explain how a range of 

compounds interacted with DPPC liposomal bilayers by classifying the modified 

transitions into different categories:

Type A materials localise in the Ĉ -Cg region of the hydrocarbon chains. They 

are usually long molecules with polar and non-polar regions (eg. higher alcohols 

and nonionic detergents).
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• Type B materials localise in the glycerol backbone of phospholipid molecules. 

They are relatively large, disk shaped, asymmetric molecules that are 

reasonably polar. Examples include ionophores and some ionic detergents. 

Type C materials localise in the C9-C16 region of the hydrocarbon chains. These 

are small dipolar compounds. Examples include organic solutes such as 

chloroform and carbon tetrachloride.

Type D materials interact with the polar head group of phospholipid molecules. 

They are almost exclusively ionic or have an ionic end. Di- and trivalent cations 

such as Mĝ ,̂ Câ ,̂ Eû  ̂and Gd̂ ^̂ are included in this group.

Inclusion of a hydrophobic molecule into the hydrocarbon chain region of a 

phospholipid bilayer will disrupt the pseudo-crystalline network. The resulting change 

in the properties of the phospholipid membrane may be dramatic, producing a 

decrease in transition temperature and enthalpy of transition (Mabrey and Sturtevant, 

1976). Half height width (HHW) values give an indication of whether additives affect the 

co-operativity of the phase transition. HHW values have been used to quantify the 

maximum entrapment of hydrophobic drugs into liposomes (Fildes and Oliver 1978; 

Arrowsmith et al, 1983). Maximum HHW values correspond to saturation quantities of 

drug in the bilayer.

4.1.6.1 Effect of polymers on the thermal transitions of liposomes

Kenworthy et al (1995b) showed that the main transition enthalpy of vesicles prepared 

from mixtures of DSPC and PEG-lipid conjugates decreased with increasing 

concentrations of PEG-750, PEG-2000 and PEG-5000, and was ultimately abolished 

at PEG-lipid concentrations >60%, suggesting the formation of micelles. However, the 

inclusion of PEG-350 lipid conjugates with low molecular weights did not significantly 

affect the thermal profile of DSPC liposomes. Comparison of DSC results with X-ray 

diffraction data demonstrated that PEG-lipid (at concentrations greater than 10 mol%) 

affected the phase behaviour of liposomes, with lipid structure depending on the 

molecular weight and concentration of the PEG-lipid molecule (Kenworthy et al, 1995b).
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Bedu-Addo et al (1996) used DSC analysis to demonstrate that the inclusion of PEG- 

PE conjugates within the bilayers of DPPC liposomes caused a new peak to appear 

as a shoulder on the high temperature side of the main phase transition endotherm. 

This was ascribed to the gradual solubilization of liposomes from the lamellar state to 

a mixed micellar state as the concentration of polymer conjugate was increased. The 

theory was supported by PCS analysis which indicated that there was an appreciable 

decrease in particle size by 17 mol% PEG(3000)-PE with a significant fraction of 

particles less than 40 nm in diameter (Bedu-Addo et al, 1996).

Ringsdorf et al (1993) used DSC to detect the presence of hydrophobically modified 

copolymers of poly-(A/-isopropylacrylamide) within the phospholipid bilayers of DMPC 

and DSPC SUVs. The unexpected insertion of the copolymer hydrophobic moieties into 

gel state SUVs was attributed to phospholipid bilayer packing defects. Baekmark et al 

(1997) used DSC to assess the interaction of DPPC LUVs with POE-containing 

lipopolymers and POE-polystyrene-POE tri-block copolymers. Polymers were dispersed 

in organic phospholipid solutions and then dried, hydrated and extruded. The HHW of 

the main transition endotherm was broadened as the concentration of POE-containing 

lipopolymers was increased. For formulations containing POE-polystyrene-POE tri

block copolymers, the main transition temperature and enthalpy of transition of 

liposomes went through a minimum at 1 mol% polymer content, with a corresponding 

maximum HHW value. Because this is indicative of conventional impurity-induced 

depression of the T̂  and because aqueous solutions of POE molecules do not bind to 

the surface of liposomes (Evans and Needham, 1988), it was concluded that the 

copolymer incorporated into the lipid bilayer (Baekmark et al, 1997).

4.1.7 DSC analysis of poloxamer solutions

The aqueous phase properties of poloxamers were first investigated using traditional 

physico-chemical assay techniques such as surface tension measurements (McDonald 

and Wong, 1974; Wanka et al, 1990; Alexandridis et al, 1994a) and dye solubilization 

assays (Alexandridis et al, 1994b). The advent of HSDSC has permitted the
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measurement of the transitions associated with micellization of dilute poloxamer 

solutions 0.5% w/v) to be directly investigated by thermal analysis (Mitchard et al, 

1992; Wanka et al, 1994; Hecht and Hoffman, 1995).

Micellization is an endothermie event considered to be due to the dehydration of the 

poloxamer POP moieties as micellization progresses. From HSDSC data it is possible 

to derive onset temperature of aggregation (T )̂ and the temperature at the peak 

minimum (T^J. Poloxamer micellization transitions are typically broad and asymmetric, 

extending over 10-20°C. The breadth of the transition has been ascribed to the 

polydispersity of the samples (Wanka et al, 1990) although it has been suggested that 

the gradual nature of the dehydration of polyoxypropylene may be more significant 

(Almgren et al, 1995). The asymmetric peak with a sharp leading edge is characteristic 

of an aggregation process. The steepness of the leading edge of the endotherm gives 

qualitative evidence as to the aggregation number for a monodisperse system 

(Paterson et al, 1997). The leading edge of systems with very large aggregation 

numbers (>50) will be perpendicular to the baseline. Poloxamer solutions display a 

much less steep curve indicating that aggregation numbers are somewhat lower. 

HSDSC traces of poloxamers are reversible with the cooling curves forming a mirror 

image of the heating curve, which suggests that the demicellization process is merely 

the reverse of the micellization process (Paterson et al, 1997).

4.2 Materials and methods

4.2.1 Preparation of MLVs

The phospholipids used in these investigations were DMPC (99%+ pure) and DPPC 

(99%+ pure), both obtained from Sigma Chemicals Ltd, UK. MLVs were produced by 

hydration of phospholipid films with filtered (100 nm pore filter [Poretics, USA]), bi

distilled water following the methodology in section 2.2.2. Hydration / equilibration / 

annealing temperatures were 40 °C and 55 °C for DMPC and DPPC MLVs 

respectively. Liposomes were prepared with a final lipid concentration of 50 mg/ml
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since previous studies indicated that this concentration produced reproducible, clearly 

defined endotherms for DMPC and DPPC MLVs (Parmar, 1997).

4.2.2 Conventional DSC analysis

Conventional DSC (DSC 7, Perkin Elmer, UK) analysis was used in the first series of 

experiments. The Perkin Elmer DSC7 is a power compensation DSC unit capable of 

heating samples from -170 to 725°C at scan rates of 0.1 to 200°C / min. The 

refrigeration unit of the system was constantly in operation throughout the studies. 

Refrigeration was necessary because analyses were commenced at sub-ambient 

temperatures. Nitrogen gas was passed through the system at a flow rate of 30 ml / 

min to create an inert atmosphere in the sample and reference chambers and also 

served to reduce baseline noise. An additional nitrogen purge was required during 

these studies due to the use of the refrigeration unit: the constantly changing dry 

atmosphere helped to prevent ice formation on the surface of the furnaces as a result 

of refrigeration. An external nitrogen purge was also applied when the head of the 

apparatus was opened. The DSC7 was connected to a PE 3700 computer (Perkin 

Elmer, UK) which was responsible for control of DSC operations, data analysis and 

printing.

The calorimeter and refrigeration unit were switched on two hours before calibration 

and experimentation to enable the instrument and refrigeration unit to equilibrate before 

use. Failure to do this could lead to anomalous results due to a non-uniform 

temperature of the aluminium sink' surrounding the sample cells. Calibration values 

for temperature and enthalpy of fusion of an indium standard were recorded monthly 

on the calibration menu as a laboratory standard. Additionally, values were checked 

each time the heating rate or sample encapsulation procedure were changed (eg. open 

or sealed pans) or after the refrigeration unit was switched on.
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4.2.2.1 Calibration of DSC7 using indium as a standard

Temperature and enthalpy calibration was performed using indium (Perkin Elmer, UK) 

as the calibrant. A DSC pan was weighed on a Perkin Elmer autobalance (Model AD-4, 

Perkin Elmer, UK), which was calibrated daily prior to use. The balance was tared 

before a small amount of indium (5-8 mg) was placed in it using forceps. The mass of 

the standard was recorded and entered on the DSC7 software to enable the enthalpy 

of fusion to be calculated. A lid was placed on the pan which was then hermetically 

sealed using a crimping device (TA instruments, UK). The sealed container and the 

nature of the standard means it can be repeatedly reused. An empty reference cell was 

also prepared and the two were placed in the appropriate analysis chambers and 

heated from 110-190°C at a scan rate of 5°C. The peak temperature and enthalpy 

measurements were recorded and corrections of experimental results were made 

based on the true melting temperature of indium.

4.2.3 High sensitivity DSC analysis

HSDSC (Micro DSC III, Seteram, France) was used to determine the CMTs of dilute 

poloxamer solutions in addition to studying liposome / poloxamer interactions. The 

Micro DSC III uses the heat flux principle of operation and is capable of heating 

samples from -20 to 120°C at scan rates of 0.001 to 3°C / min. The temperature of the 

calorimetric block is controlled by a precisely thermostated circulating liquid (n-decane). 

The temperature of the liquid is raised by a separate heater, and cooled by a supply 

of circulating water. Nitrogen gas was purged into the analysis chamber at a rate of 

30 ml / min to create an inert atmosphere. The Micro DSC III was connected to an IBM 

compatible computer for data retrieval, analysis and printing.

4.2.4 Sample containers

Diagrammatic representations of the sample containers used in the DSC and HSDSC
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experiments are shown in figure 4.2. The DSC7 uses disposable aluminium sample 

pans (TA instruments, UK). The pans used in this study are designed to permit the 

sample to be hermetically sealed in the sample chamber. The sample is added to a 

larger lower pan before a lid is placed on top and the two are hermetically sealed using 

the crimping device (TA instruments, UK). The Micro DSC III uses reusable sample 

containers. The sample is placed in a large aluminium crucible and a screwtop lid is 

placed on top. a disposable viton® 0-ring (Seteram, France) positioned on a groove 

in the thread of the screwtop lid forms an airtight seal to the sample chamber.

Figure 4.2 Schematic diagram of sample pans used in DSC and 
HSDSC (not to scale)

Screwtop p
Lid

Y Y
Sample J-------
chamber

a) DSC7

Sample

0-ring

Sample
chamber

b) Micro DSC III

4.2.5 Illustration and interpretation of results

Data on thermoanalytical curves may be represented in different ways. According to 

convention, an endotherm is shown as a peak and an exotherm as a trough, but this 

depends on the instrument used (Coleman and Craig, 1996). For example, the DSC7 

shows an endothermie event as a peak whereas the Micro DSC III shows an 

endotherm as a trough. Peak temperature (T j values are quoted throughout these 

studies since the measurement of T̂  has been reported to be better than Tq (onset 

temperature) when quantifying shifts in the transition temperature of liposomes 

(Arrowsmith et al, 1983).
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4.2.6 Experimental methodology

4.2.6.1 Critical micelle temperatures of poloxamers

The endothermie peak associated with micellization of poloxamers P338 (ICI), P407 

(ICI), P338 (Blagden) and P407 (Blagden) was measured using HSDSC. CMTs were 

determined at 0.5, 1, 2, 5 and 10% w/v to assess the influence of poloxamer 

concentration on micellization temperature. A 500 pi aliquot of poloxamer solution was 

pipetted into the sample chamber and weighed. The same mass of bi-distilled, filtered 

water was placed in the reference chamber and the sample was analysed between 5 

and 70°C at a heating rate of 1°C / min as previously described for the study of 

poloxamer solutions (Mitchard et al, 1992; Armstrong et al, 1994; Paterson et al, 1997). 

The Tmin and T̂  of each endotherm were recorded as an approximation of the CMT of 

each poloxamer at a particular concentration. Mitchard et al (1992) demonstrated that 

there is good agreement between CMTs determined using HSDSC and theoretically 

derived values. All results were the mean of three determinations (± s.d.).

4.2.B.2 Gel permeation chromatography

Gel permeation chromatography (GPC) was used to determine the molecular weight 

profiles of poloxamers P338 (ICI), P407 (ICI), P338 (Blagden) and P407 (Blagden). 

Each poloxamer was dissolved in filtered (40 nm pore. Cyclopore, UK), bidistilled water 

to give a poloxamer concentration of 2.5 mg/ml (0.25% w/v). Samples were dissolved 

at 18°C in a temperature controlled environment and analyses were performed at 20°C 

to ensure that poloxamers were not exposed to temperatures above their CMTs. The 

system was calibrated with polyethylene glycol (PEG) standards and the results are 

therefore expressed as PEG equivalent' molecular masses. Five PEG standards 

(Polymer Laboratories, UK) were obtained with molecular masses of 4120, 7100, 8500, 

11840 and 22800 respectively. PEG standards were also dissolved in filtered (40 nm 

pore. Cyclopore, UK), bidistilled water to give PEG concentrations of 2.5 mg/ml (0.25% 

w/v).
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Poloxamer solution was introduced to the GPC column (progel G4000 [30 cm length 

and 7.8 mm internal diameter], Supelco, UK) via a rheodyne 7125 injection port 

(Rheodyne, CA, USA). When in the 'load' position, the 20 pi sample loop of the 

injection port was filled with an excess of sample. Switching to the ‘inject’ position 

caused the mobile phase to be diverted through the sample loop and thus a controlled 

volume was introduced into the GPC column. The mobile phase was filtered (40 nm 

pore filter), bidistilled water, with the GPC apparatus set to a mobile phase flow rate of 

1 ml/min controlled by an HPLC pump (model PU 980, Jasco, UK). A programmable 

absorbance detector (type Sa6504, Severn Analytical, UK) / refractive index detector 

(type 133, Gilson, UK) constantly monitored the eluent leaving the column and 

chromatograms were plotted on a Mackintosh computer utilising Powerchrom software. 

All samples and standards were assayed three times.

4.2 6.3 The effect of poloxamer concentration and incubation temperature on the 

thermal transitions of DMPC MLVs

Conventional DSC was used to assess the influence of poloxamers on the phase 

transition behaviour of DMPC MLVs, to help elucidate the nature of the interaction 

between poloxamers and liposomes. A fresh liposome suspension was prepared the 

day before DSC analysis from which four replicates of each dispersion to be analysed 

were taken. Poloxamer P338 (ICI), P407 (ICI), P338 (Blagden) or P407 (Blagden) was 

added to the aqueous phase of some dispersions to give poloxamer concentrations of 

0.1, 0.2, 0.5 and 1.0% w/v and a final lipid concentration of 50 mg/ml. All samples were 

incubated for 24 hours at 4, 18, 25 or 37°C. Liposome dispersions and poloxamer 

solutions were equilibrated at the incubation temperature for 30 minutes before 

preparation of the final dispersion. DMPC MLV dispersions (20 pi) were pipetted into 

DSC pans (TA instruments, UK), weighed and hermetically sealed. A reference pan 

containing 20 pi of bi-distilled, filtered water was also prepared and the pans were 

placed in the head of the DSC apparatus and heated from 3 to 60°C. An external 

nitrogen purge was applied when the head of the apparatus was opened whilst 

changing samples. A scan rate of 5°C / min was used as this has been shown to give
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consistent transition temperatures and enthalpies for DMPC and DPPC liposomes with 

the DSC apparatus used in this study (Parmar, 1997).

4.2.6.4 The effect of including poloxamer at the hydration stage on the thermal 

profile of DMPC MLVs

HSDSC was used to assess the effect of poloxamers on the phase transition behaviour 

of DMPC MLVs. Poloxamers P338 (ICI) and P407 (Blagden) were dissolved in bi- 

distilled, filtered water to give 0.2% w/v poloxamer solutions. DMPC films were hydrated 

with poloxamer solutions to give a final lipid concentration of 50 mg/ml. Poloxamer-free 

and poloxamer-added (0.2% w/v) control samples were also prepared (as described 

in sections 4.2.1 and 4 2.6.3). All samples were incubated at 18°C for 24 hours before 

HSDSC analysis. Each suspension (100 pi) was pipetted into the sample container, 

weighed and sealed. A reference pan containing 100 pi of bi-distilled water was also 

prepared and the crucibles were placed in the head of the HSDSC apparatus and 

heated from 3 to 45°C at a rate of 1°C/min. All results were the mean of four 

determinations (± s.d.).

4.2.6.S The effect of freeze-thawing on the thermal profile of liposome I 

poloxamer dispersions

DMPC and DPPC MLVs were prepared as described in section 4.2.1. Poloxamers 

P338 (ICI) and P407 (Blagden) were added to some dispersions to give poloxamer 

concentrations of 0.2% w/v. Poloxamer-free control samples were also prepared (as 

described in section 4.2.1). A volume of 1 ml of each replicate was prepared, with a 

final lipid concentration of 50 mg/ml, and each replicate was incubated at 18°C for 24 

hours before a 100 pi aliquot was withdrawn for HSDSC analysis (as described in 

section 4.2.6.3). Each replicate was then subjected to five freeze-thaw cycles in which 

dispersions were frozen for three minutes at -196°C in liquid nitrogen and then thawed 

for three minutes at 50°C in a water bath before a second HSDSC analysis. All results 

were the mean of four determinations (± s.d.).
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4.2.G.6 The effect of repeated heating and cooling on the thermal profile of 

liposome I poloxamer dispersions

The effect of repeated heating and cooling on the thermal behaviour of DMPC and 

DPPC MLVs was investigated using HSDSC. A 500 pi aliquot of freshly prepared MLV 

dispersion was pipetted into the sample container, weighed and sealed. A reference 

pan containing 500 pi of bi-distilled water was also prepared and the crucibles were 

placed in the head of the HSDSC apparatus. DMPC MLVs were heated from 3 to 45°C 

at a rate of 1 °C / min and then cooled to 3°C at the same rate, whereas DPPC MLVs 

were heated from 15 to 60°C and then cooled to 15°C (also at 1°C / min). A 10 pi of 

10% w/v poloxamer solution was then added to the sample container of some 

dispersions to give a poloxamer concentration of 0.2% w/v. Bi-distilled water (10 pi) was 

added to the reference cell to equalise the volume in each cell. The crucibles were then 

repeatedly heated and cooled from 3 to 45 to 3°C (DMPC MLVs) or 15 to 60 to 15°C 

(DPPC MLVs) at a rate of 1 °C/min for 36 hours. All results were the mean of three 

determinations (± s.d.). Three poloxamer-free control runs were performed in which 

10 pi of bi-distilled water was added to the sample cell in place of poloxamer solution.

4.2.6.T Effect of high concentrations of poloxamers on the thermal transitions of 

DMPC MLVs

HSDSC was used to assess the effect of high concentrations of poloxamers on the 

phase transition behaviour of DMPC MLVs. Poloxamer P338 (ICI) or P407 (Blagden) 

was added to the aqueous phase of some dispersions to give poloxamer 

concentrations of 2, 3 and 5% w/v and a final lipid concentration of 50 mg/ml. All 

samples were incubated for 24 hours at 18, 25 or 37°C. Liposome dispersions and 

poloxamer solutions were equilibrated at the incubation temperature for 30 minutes 

before preparation of the final dispersion. A 100 pi aliquot of each suspension was 

pipetted into the sample container, weighed and sealed. A reference pan containing 

100 pi bi-distilled water was also prepared and the crucibles were placed in the head 

of the HSDSC apparatus and heated from 3 to 45°C at 1 °C/min. All results were the
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mean of three determinations (± s.d.).

4.3 Results and discussion

4.3.1 Critical micelle temperatures of poloxamers

HSDSC scans of P407 (Blagden) at concentrations of 0.5 and 5% w/v are shown in 

figures 4.3 and 4.4 respectively. These traces are typical of all poloxamers analysed, 

with the endotherm extending over a broad temperature range and with a relatively 

steep leading edge.

The T̂ in values for HSDSC scans of dilute poloxamer solutions are shown in figure 4.5. 
The T̂ in of each poloxamer decreased as concentration was increased. P407 (ICI) had 

the highest T̂ ĵ  at each concentration studied followed by P338 (Blagden).

Figure 4.3. Typical HSDSC scan for a 0.5 %w/v aqueous solution of 
poloxamer P407 (Blagden)
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Figure 4.4 Typical HSDSC scan for a 5 %w/v aqueous solution of 
poloxamer P407 (Blagden)
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Figure 4.5 Peak minimum temperatures (T„ J  for dilute poloxamer 
solutions
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has previously been shown to decrease approximately linearly with increasing 

poloxamer concentration (Wanka et al, 1994; Hecht and Hoffman, 1995). The 

relationship between 7̂ ,̂  and concentration for the poloxamers studied was applied to 

a linear regression model using the "least squares" method to calculate a straight line 

to best fit the data. Table 4.2 presents the coefficient of regression, R and the 

extrapolated y-intercept temperature for each poloxamer. The extrapolated y-intercept 

T̂ jn temperature represents of the poloxamer solution at infinite dilution (Hecht and

Hoffman, 1995).

The concentration plots of all poloxamer solutions studied had R values >0.98 

indicating good linearity and therefore agreeing with the findings of Wanka et al (1994) 

and Hecht and Hoffman (1995). Poloxamer solutions at the lower concentration end of 

the plots began to deviate from linearity, an event that also occurred with the solutions 

analysed by Hecht and Hoffman (1995).

Table 4.2 Coefficient of regression (R) and y-intercept values for of dilute 

poloxamer solutions (n=3±s.d.)

Poloxamer R y-intercept / °C

P338 (ICI) 0.99 32.17 ±0.40

P407 (ICI) 0.98 42.95 ± 0.71

P338 (Blagden) 0.98 36.28 ± 0.66

P407 (Blagden) 0.99 29.23 ± 0.39

The temperature at which micellization occurs is dependent on poloxamer structure. 

The CMT should decrease as the molecular weight of the POP moiety increases. P407 

nominally has 67 POP units per monomer compared to 54 POP units per monomer for 

P338. P407 of nominal molecular mass should therefore have a lower CMT at a given 

concentration than P338. The poloxamers studied can be ranked in ascending order 

of Tmin at infinite dilution: P407 (Blagden)< P338 (ICI)< P338 (Blagden)< P407 (ICI). 

The y-intercept values P338 (ICI) and P338 (Blagden) are more similar than those of
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the two P407 samples. The difference between the y-intercept values of P338 (ICI) and 

P338 (Blagden) may be due to different methods of synthesis or purification by the two 

manufacturers resulting in differences in the molecular weight distributions of the 

samples. The y-intercept values of P407 (ICI) and P407 (Blagden) differ greatly. The 

T̂ in values of P407 (ICI) are indicative of a poloxamer with a lower number of POP 

units per monomer, suggesting that the batch of P407 (ICI) studied may have 

degraded. However, the enthalpy of micellization data (AH^J for P407 (ICI) and P407 

(Blagden) were not significantly different (p<0.05) (figure 4.6), indicating that the work 

of dehydration is similar for each. The heat of micellization is due to the dehydration of 

POP moieties and so is strongly correlated to the size of the POP block (Beezer et al, 

1992; Wanka et al, 1994). This suggests that the POP moieties of the two P407 

samples are approximately the same length. The AĤ î  of P338 (ICI) and P338 

(Blagden) were not significantly different (p<0.05) at each concentration measured, 

again suggesting a comparable number of POP blocks per monomer. The 

temperatures at onset of micellization (TJ are shown in figure 4.7. The data follow the 

same trend as for T̂ m although values of P338 (ICI) are closer to those of P407 

(Blagden) than for the T^  ̂data.

Figure 4.6 Enthalpy of micellization for dilute poloxamer
solutions (n=3 ± s.d.)
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Figure 4.7 CMT onset temperatures (TJ for dilute poloxamer 
solutions (n=3 ± s.d.)
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Table 4.3 presents the coefficient of regression and the extrapolated y-intercept 

temperature for of each poloxamer. The concentration plots of all poloxamer

solutions studied had R values ^0.97 signifying a good correlation with the linear

model.

Table 4.3 Coefficient of regression (R) and y-intercept values for T̂  of dilute 

poloxamer solutions (n=3±s.d.)

Poloxamer R y-intercept / °C

P338 (ICI) 0.97 25.92 ± 0.69

P407 (ICI) 0.97 36.59 ± 0.76

P338 (Blagden) 0.98 31.74 ±0.51

P407 (Blagden) 0.98 25.80 ±0.51

By subtracting T̂  from T̂ ĵ  for each sample it is possible to quantify the breadth of the
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transition and estimate the co-operativity of events during micellization (see figure 

4.8).The breadth of the transition is partly due to the polydispersity of samples (Wanka 

et al, 1990), and it is evident that the transition occurs over a smaller temperature range 

for the poloxamers obtained from Blagden chemicals suggesting that they have a 

narrower molecular weight distribution than the ICI poloxamers. Since AĤ î  values 

suggested that the two P338 samples were of similar composition and the two P407 

samples were of similar composition, the differences in suggest that the purity / 

polydispersity of poloxamer samples is a contributing factor to the variation between 

samples seen in some experiments.

Figure 4.8 Peak temperature J  - CMT onset temperature (TJ for 
dilute poloxamer solutions (n=3 ± s.d.)
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4.3.2 Gel permeation chromatography

Figure 4.9 shows the retention times of the PEG standards in the GPC column. A 

calibration curve was plotted and from this ‘PEG equivalent’ molecular masses of 

poloxamers were determined.
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Figure 4.9 GPC retention time against moiecuiar weight for 
polyethyiene giycoi standards (R= 0.97) (n=3 ± s.d.)
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The molecular weight distributions of poloxamers P338 (ICI), P407 (ICI), P338 

(Blagden) and P407 (Blagden) are shown in figure 4.10. All poloxamers exhibited broad 

molecular weight distributions.

Figure 4.10 Moiecuiar weight distributions of poloxamers as determined by 
retention in a gel permeation chromatography column
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The ‘PEG equivalent’ molecular mass was calculated from the retention time at the 

peak of the molecular weight distribution. Retention times and ‘PEG equivalent’ 

molecular masses of poloxamers are shown in table 4.4

Table 4.4 GPC retention times and ‘PEG equivalent moiecuiar masses of 

poloxamers (n=3 ± s.d.)

Poloxamer Retention time (min)
PEG equivalent’ mean 

molecular mass

P338 (ICI) 9.17 ±0.01 13,072.8 ± 128.4

P407 (ICI) 9.82 ± 0.00 4,475.9 ± 0.0

P338 (Blagden) 9.14 ±0.01 13,443.4 ± 128.4

P407 (Blagden) 9.53 ± 0.00 8,255.6 ± 0.0

Poloxamers P338 (ICI) and P338 (Blagden) had the highest mean molecular masses 

as demonstrated by the relatively short retention times. The mean ‘PEG equivalent’ 

molecular mass of these two samples was extremely close. In addition, these values 

were reasonably close to the nominal molecular weight of P338, ie. 14,000. This 

suggests that PEG was a suitable standard compound for the determination of 

poloxamer molecular weights. The shoulder on the low molecular weight side of the 

molecular weight profile of both P338 (ICI) and P338 (Blagden) may be due to the 

presence of diblock copolymers in the sample (Wanka et al, 1994). The shoulder on 

the profile of P338 (ICI) is somewhat larger than that on the profile of P338 (Blagden). 

This would account for the larger difference in T^  ̂- T̂  values of P338 (ICI) (figure 4.7) 

since the breadth of the transition is at least partly due to the polydispersity of samples 

(Wanka et al, 1990).

P407 (Blagden) had a lower than expected ‘PEG equivalent’ molecular mass (8,255.6 

± 0.0). This compares to a nominal molecular weight of 11,500. Although it is not 

possible to directly compare PEG equivalent’ molecular mass with nominal molecular 

mass, it is evident from these results that the ‘PEG equivalent’ molecular mass of P407 

(ICI) was far below that of the other poloxamers. This indicates that it has a markedly
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different molecular weight profile to P407 (Blagden) and both P338 samples and helps 

to explain the lower size increases promoted by this poloxamer sample during PCS  

experiments (sections 3.3.1 to 3.3.7).

4.3.3 The effect of poloxamer concentration and incubation temperature on the 

thermal transitions of DMPC MLVs

DSC of 50 mg/ml DM PC MLVs typically produced scans with clearly discernable pre- 

and main transition endotherms. A typical DSC scan for 50 mg/ml DM PC MLVs 

(following incubation at 18°C for 24 hours) is shown in figure 4.11. The main transition 

peak, representing the transition from the Pp. state to the L„ phase, was determined at 

23.28 °C (corrected for indium standard).

Figure 4.11 A typical DSC trace of 50 mg/mi DMPC MLVs (incubated at 18 ""C 
for 24 hours)
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The smaller pre-transition peak, associated with the transition from the Lp. to the Pp. 

state, was determined at 15.08°C. A typical series of four replicates gave endothermie 

peaks (T̂ in) at 14.93 ±0.12 °C and 23.16 ± 0.32 °C for the pre-transition and main 

transition respectively. For the same series of replicates, the main transition had an 

enthalpy of 1.71 ± 0.04 J/g (of suspension), which equates to 34.20 ± 0.80 J/g or 22.58 

± 0.53 kJ/mol of phospholipid, and the pre-transition had an enthalpy of 0.24 ± 0.03 J/g 

equating to 4.80 ± 0.6 J/g or 3.17 ± 0.40 kJ/mol of phospholipid. Both temperature and 

enthalpy determinations correlated with literature values (Hinz and Sturtevant, 1972; 

Melchior and Steim, 1976; Biltonen and Lichtenberg, 1993.).

4.3.3.1 Effect of poloxamers on DMPC MLVs following Incubation at 18"*C

The thermal profile of DMPC MLVs was modified following incubation with poloxamers 

at 18°G. A typical scan of DMPC 50 mg/ml MLVs to which 0.1 % w/v of poloxamer P407 

(Blagden) had been added and incubated at 18°C for 24 hours is shown in figure 4.12. 

The Tniin of the pre-transition (15.42 ± 0.108 °C) was not significantly different from that 

of the poloxamer-free control sample (p<0.05). However the enthalpy of the pre

transition was significantly reduced (p<0.05) to 0.14 ± 0.01 J/g (of suspension) (2.80 

± 0.20 J/g of phospholipid). Neither the main transition temperature (T̂ j„ = 23.38 ± 0.09 

°C) or enthalpy (AH = 1.64 ± 0.01 °C) were significantly affected by addition of 

poloxamer (p<0.05).

In a similar preparation containing 1% w/v P407 (Blagden) the pre-transition endotherm 

was abolished but the main transition endotherm remained (AH=1.60 ± 0.08 J/g of 

suspension [32.00 ± 1.60 J/g of phospholipid]) (figure 4.13). The latter represents a 

small but significant decrease from the value of the poloxamer-free control (p<0.05). 

The Tmin of the main transition (22.80 ± 0.22 °C) was not significantly different from that 

of the poloxamer-free control sample.

196



Figure 4.12 A typical DSC trace of 50 mg/ml DMPC MLVs +0.1 %w/v P407
(Blagden) (incubated at 18 °C/24 hours)
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Figure 4.13. A typical DSC trace of 50 mg/ml DMPC MLVs +1.0 %w/v P407 
(Blagden) (incubated at 18 ° C / 24 hours)
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Further assessment of the effects of poloxamers in the concentration range 0.1 to 1.0% 

w/v is described in terms of influence of poloxamer on the enthalpy of the pre-transition 

and the co-operativity of the main transition, since both have successfully been used 

to assess the interaction of extraneous molecules with the phospholipid bilayers of 

liposomes (Jain and Wu, 1977; Fildes and Oliver, 1978, Posch et al, 1983). The 

enthalpy of the pre-transition of formulations that included poloxamer (AHp) was divided 

by the enthalpy of the pre-transition of formulations without poloxamer (AH) to 

normalise any differences between stock and replicate phospholipid suspensions. Lack 

of reproducibility in calculated enthalpies has been reported in the past (Chen and 

Sturtevant, 1981; Parmar, 1997) and so normalisation allows a better interpretation of 

the effect of poloxamer than the raw data alone. It was more difficult to interpret the 

effect of poloxamer on the transition temperatures due to sample variation, but 

generally they were not significantly altered by the inclusion of poloxamer. Half height 

width values are given for the main transitions. HHW values are used to assess the co- 

operativity of the transition and were calculated by measuring the width of the peak (°C) 

at half its height (see figure 4.1).

A plot of AHp/AH for dispersions incubated with poloxamer solutions at 18°C is shown 

in figure 4.14. This is between the pre- and main transition temperatures of DMPC 

MLVs, and thus, at 18°C, the phospholipid will be in the Pp. state. The inclusion of 

poloxamers P338 (ICI), P338 (Blagden) and P407 (Blagden) promoted a concentration 

dependent decrease of AH/AH values signifying a concentration dependent reduction 

of the pre-transition enthalpy until, at 1% w/v poloxamer, the pre-transition endotherm 

was abolished. P407 (ICI) had a less significant effect on AHp/AH values, suggesting 

it interacted less with DMPC liposomes at this temperature. Mean AH/AH was lower 

for suspensions containing 0.1% w/v P407 (ICI) than 0.2% w/v P407 (ICI) although the 

differences were not statistically significant (p<0.05).
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Figure 4.14 AHp/AH for the pre-transition of DMPC MLVs incubated
with poloxamers at W C  for 24 hours (n=4 ± s.d.)
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Half-height widths are useful in determining the effect of additives on the main transition 

because they indicate whether the additive influences the co-operativity of events 

during the thermal transition. Mean HHWs in the order of 1.15°C were obtained for the 

main transition of DMPC MLVs (figure 4.15). This value was not significantly altered 

(p<0.05) by addition of any of the poloxamer solutions to the dispersions at 

concentrations up to 0.5% w/v, except for the formulation containing P338 (Blagden) 

at 0.1% w/v. However the mean HHWs of all formulations significantly increased 

(p<0.05) at poloxamer concentrations of 1 % w/v, with the greatest increase seen for the 

formulation containing P407 (Blagden).

These results indicate that there was an interaction between DMPC MLVs and 

poloxamers P338 and P407 at 18 X , and also suggest some penetration of poloxamer 

into the phospholipid bilayer. At low concentrations of poloxamer the interaction may 

be distinguished by a concentration dependent decrease in the enthalpy of the pre

transition. The pre-transition was abolished at 1% w/v poloxamer for formulations 

containing P338 (ICI), P338 (Blagden) and P407 (Blagden). Interestingly this was also 

the concentration at which a significant increase in HHWs was observed, suggesting
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that the effect of the poloxamer is no longer just in local areas. P407 (IC I) was less 

effective in reducing the pre-transition than the other poloxamers but did increase the 

H H W  of the main transition when included at a concentration of 1% w/v.

Figure 4.15 Half height width (°C) of the main transition of DMPC 
MLVs incubated with poloxamers at 18°C for 24 hours (n=4 ±s.d.)
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The pre-transition is a much more sensitive indicator of impurities /  pertubation of 

impurities into the bilayer than the main transition (Cater et al, 1974) and is therefore 

useful in determining the effect of low concentrations of additives. However, uncertainty 

as to the exact nature of the pre-transition peak makes it difficult to interpret and 

definitively state the nature of the interaction between the two components. The pre

transition endotherm has been ascribed to a number of different structural features 

(section 1.3.2) and therefore the cause of the reduction and consequent abolition of the 

pre-transition can be attributed to a number of different factors. The presence of 

poloxamer molecules is likely to hinder the molecular movement associated with the 

pre-transition and consequently reduce or eliminate it.

For a dispersion of 50 mg/ml DM PC MLVs (molecular weight = 678) incubated with
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0.5% w/v P338 of nominal molecular weight (14,000) there is 1 poloxamer molecule for 

every 206 phospholipid molecules. This is well below the 'saturation' quantity of 

poloxamer estimated in section 3.3.7.2, giving some explanation as to why only the pre

transition was modified at this concentration. However, if incorporated into a 

phospholipid bilayer, each relatively bulky poloxamer molecule would be likely to disturb 

a relatively large area of the bilayer due to its high molecular weight. In addition, the co

operative nature of events associated with liposome phase transitions would allow a 

relatively small number of poloxamer molecules to significantly modify the pre

transition. Aqueous solutions of POE molecules do not bind to the surface of liposomes 

(Evans and Needham, 1988), indicating that the interaction of poloxamers with 

liposomes is probably not associated with adsorption of POE moieties to the polar 

surface of liposomes.

4.3 3.2 Effect of poloxamers on DMPC MLVs following incubation at 4*̂ 0

The poloxamers that had the greatest effect on the pre-transition at 18°C (P338 [ICI] 

and P407 [Blagden]) were incubated with DMPC MLVs at 4°C for 24 hours in order to 

determine whether they interacted with gel state liposomes. Poloxamers P338 (ICI) and 

P407 (Blagden) had a much smaller effect on the pre-transition enthalpy of DMPC 

MLVs at 4°C (figure 4.16) than at 18°C. AHp/AH was higher for 1.0% w/v P338 (ICI) 

and P407 (Blagden) at 4°C than for 0.1% w/v P338 (ICI) or P407 (Blagden) at 18°C, 

indicating that the interaction had been significantly diminished (p<0.05). The HHWs 

of MLVs incubated with either poloxamer were not significantly increased (p<0.05) at 

any concentration studied (0.1% w/v to 1% w/v), also suggesting that there was less 

interaction between the two components at 4°C than at 18°C (figure 4.17).
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Figure 4.16 AHp/AH for the pre-transition of DMPC MLVs incubated
with poloxamers at 4 C for 24 hours (n=4 ± s.d.)
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Figure 4.17 Half height width (°C) of the main transition for DMPC 
MLVs incubated with poloxamers at 4°C for 24 hours (n=4 ± s.d.)
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The results suggest that the ‘rigid’ structure of gel state liposomes and tight packing of 

adjacent polar head groups inhibited the penetration of poloxamers into the bilayer, and 

so agree with the findings of Moghimi et al (1991) who found no evidence of poloxamer 

penetration (or adsorption) into gel state liposomes using PCS and laser doppler 

anenometry. In addition, no interaction was seen for gel state DPPO MLVs following 

incubation with P338 (ICI) and P407 (Blagden) at 18°C (see section 4.3.4.2). The 

relative permeability of phospholipid bilayers to solute molecules has previously been 

correlated to the mean distance between two lipid molecules in the bilayer (Doniach, 

1978; Nagle and Scott, 1978). The documented increase in the permeability of 

phospholipid bilayers at temperatures near to the gel to liquid-crystalline phase 

transition supports the hypothesis that the reduction in pre-transition enthalpy observed 

at 18°C was due to the penetration of poloxamer into the bilayer. It is plausible that the 

hydrophobic POP moiety could pass into narrow conduits between the polar heads of 

phospholipid molecules towards the more apolar hydrocarbon region. The degree of 

penetration would depend on the space between the headgroups and the nature of the 

POP moiety (ie. its size and hydrophobicity).

4.3.3 3 Effect of poloxamers on DMPC MLVs following incubation at 25 *̂0

Very similar results to those determined at 18®C were obtained when DMPC MLVs 

were incubated with poloxamer at 25°C, with incremental reductions in the pre

transition enthalpy of DMPC MLVs as poloxamer concentrations were increased 

(AH/AH values are presented in figure 4.18). When dispersed with poloxamers P338 

(Blagden) and P407 (Blagden), the pre-transition enthalpy of DMPC MLVs appeared 

to be reduced by a greater amount following incubation at 25°C than at 18°C. 

However, differences in AHp/AH values were only significant for preparations incubated 

with P338 (Blagden). The high standard deviations and the fact that the results were 

not emulated by formulations containing P338 (ICI) and P407 (ICI) make interpretation 

of the results difficult.
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Figure 4.18 AHp/AH for the pre-transition of DMPC MLVs incubated
with poloxamers at 25 C for 24 hours (n=4 ± s.d.)
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Mean HHWs ~1.2“C were obtained for the main transition of DMPC MLVs incubated 

at 25°C (figure 4.19). This value was not significantly affected by addition of any of the 

poloxamer solutions to the dispersions at 0.1% w/v (p<0.05). HHWs were significantly 

increased in formulations containing 0.2 and 1.0% w/v P338 (ICI), 1.0% w/v P407 (ICI), 

k 0.5% w/v P338 (Blagden) and ^0.2% w/v P407 (Blagden), although all increases 

were small. The greatest increase was obtained for the formulation containing 1% w/v 

P407 (Blagden) (HHW=1.67 ± 0.25X), although this was lower than the HHW value 

of the same formulation incubated at 18°C. The increased HHW values at lower 

concentrations for P338 (Blagden) and P407 (Blagden) agree with the very low AHp/AH 

values obtained for preparations incubated with P338 (Blagden) and P407 (Blagden) 

at concentrations above 0.2% w/v. If lateral bilayer separation is the most important 

factor in determining the extent of the interaction, it is feasible that the gap between 

phospholipid molecules is already wide enough at 18X to support significant 

poloxamer penetration. A further increase in lateral bilayer separation near the main 

phase transition of DMPC may have further improved poloxamer penetration although 

this cannot be concluded from these results.
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Figure 4.19 Half height width (°C) of the main transition for DMPC
MLVs incubated with poloxamers at 25°C for 24 hours (n=4 ± s.d.)

— P338(ICI)
— P407(ICI)
— ^— P338(Blagd6n) 
— P407(Blagden)

2.2-

1.6-

^  1 .4 -

0.0 0.2 0.4 0.6 0.8 1.0
Poloxamer Concentration (%w/\^

4.3.3.4 Effect of poloxamers on DMPC MLVs following incubation at 37°C

As well as being the temperature the dispersions would encounter in vivo, 37°C is 13°C 

above the main transition of DMPC and is above the CMT of most poloxamers studied. 

Again, an incremental reduction of AHp/AH was detected as poloxamer concentration 

was increased (figure 4.20). At a concentration of 1% w/v, the AH p/A H  values of 

dispersions incubated with P338 (ICI) or P338 (Blagden) were reduced by more than 

90% and the pre-transition endotherm of formulations incubated with P407 (Blagden) 

was eliminated. At lower concentrations, AHp/AH values were reduced to a lesser 

extent by P407 (ICI) than by the other poloxamer samples, but at 1% w/v the pre

transition enthalpy was reduced to 17.6 ± 22.0 % of its original value. It should be noted 

that the large standard deviation for this sample was due to the pre-transition being 

abolished in two replicates and reduced to 40-45% of its original value in the other two 

replicates.
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Figure 4.20 AHp/AH for the pre-transition of DMPC MLVs incubated
with poloxamers at 37 C for 24 hours (n=4 ± s.d.)
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Main transition HHWs~1.2°C were obtained for DMPC MLVs incubated at 37°C (figure 

4.21). HHWs were slightly higher for dispersions incubated with poloxamers. Small but 

significant increases (p<0.05) were obtained for dispersions incubated with 0.2% w/v 

P338 (ICI) and P338 (Blagden) and all concentrations of P407 (Blagden). Again, the 

greatest increase was obtained for the formulation containing 1.0% w/v P407 (Blagden) 

(HHW =1.64 ±0.06°C).

Since 37°C is above the CMT of poloxamers P338 (ICI), P338 (Blagden) and P407 

(Blagden) (see section 4.3.1), they are likely to exist as micelles at this temperature. 

This could affect the degree of interaction between poloxamers and liposomes since as 

temperature increases POP dehydrates and becomes increasingly hydrophobic until, 

at temperatures above the CMT, multi-molecular micelles are formed to reduce the POP 

interfacial tension by shielding it from the aqueous disperse phase. Another way to 

reduce the interfacial tension of the POP block would be for it to adsorb to a 

hydrophobic surface. In this system that would involve penetration of part of the 

molecule into the hydrophobic region of the liposome bilayer. For this to occur, the 

benefit must outweigh that of forming multi-molecular micelles (or monomolecular
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micelles). The results show that there is an interaction between liposome and poloxamer 

above the C M T which suggests that it involves movement of POP moieties to an area  

of lower hydrophilicity (ie. into the apolar region of the bilayer).

Figure 4.21 Half height width (°C) of the main transition of 50 mg/ml 
DMPC MLVs incubated with poloxamers at 37°C for 24 hours (n=4 ± 
s.d.)
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Figures 4 .22  to 4 .25  show the AHp/AH values for the pre-transition of DM PC MLVs 

incubated with each poloxamer at the various temperatures studied to clarify the 

relationship between tem perature and ability of each poloxamer to reduce the pre

transition enthalpy. AHp/AH values of dispersions incubated with P338 (ICI) (figure 4.22) 

decreased in similar increments at 18, 25 and 37°C  as poloxamer concentration was 

increased. The data sets are not significantly different from one another at these  

tem peratures (p<0.05). At 4°C  however, AHp /AH was relatively unaffected by the 

increase in poloxamer concentration and AHp/AH values were significantly higher than 

at 18, 25 and 37°C (p<0.05). This indicates that, at temperatures near to and above the 

gel to liquid-crystalline phase transition temperature of DM PC MLVs, poloxamers 

interact with liposomes to some extent. This may involve penetration of the POP moiety 

into the hydrophobic area of the phospholipid bilayer although the extent of poloxamer
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penetration is difficult to ascertain due to uncertainty as to the origin of the pre-transition 

endotherm . However, it is clear that the interaction was inhibited when DM PC MLVs 

were incubated with P338 (ICI) at a temperature below the pre-transition. This indicates 

that the more rigid structure of the phospholipid bilayer inhibits poloxamer penetration.

Figure 4.22 AHp/AH for the pre-transition of DMPC MLVs incubated 
with P338 (ICI) at 4,18, 25 or 37°C for 24 hours (n=4 ± s.d.)
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As P407 (IC I) concentration was increased, A H /A H  values generally decreased less 

than with the other poloxamers (figure 4 .23). The DSC results agree with results 

determined using PCS and the quantitative colorimetric assay (section 3.3). There was 

no significant difference (p<0.05) between AHp/AH values for DM PC MLVs incubated 

with P407 (ICI) at 18, 25 and 3 7 X .  The apparent lack of interaction of P407 (ICI) may 

relate to its high C M T (section 4.3.1) and its low molecular weight profile (section 4.3.2).
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Figure 4.23 AHp/AH for the pre-transition of DMPC MLVs incubated
with P407 (ICI) at 18, 25 or 37°C for 24 hours (n=4 ± s.d.)
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AHp /AH values for preparations incubated with P338 (Blagden) at 25°C were 

significantly lower than at 18 and 37°C at poloxamer concentrations of 0.2% w/v and 

0.5% w/v but not at other concentrations (figure 4.24) (p<0.05). This may be due to a 

maximal lateral bilayer separation at temperatures near to the main gel to liquid- 

crystalline phase transition increasing the extent of poloxamer penetration.

Figure 4.25 shows AHp/AH values for preparations incubated with P407 (Blagden). 

Although AHp/AH values appear lower at 25°C than at 18 and 37°C at P407 (Blagden) 

concentrations of 0.1, 0.2 and 0.5% w/v, the differences are not statistically significant 

(p<0.05). P407 (Blagden) had less impact on the pre-transition enthalpy of dispersions 

incubated at 4°C. As poloxamer concentration was increased, AHp/AH decreased but 

to a significantly lesser extent than at higher temperatures (p<0.05).
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Figure 4.24 AHp/AH for the pre-transition of DMPC MLVs incubated
with P338 (Blagden) at 18, 25 or 37°C for 24 hours (n-4 ± s.d.)
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Figure 4.25 AHp/AH for the pre-transition of DMPC MLVs incubated 
with P407 (Blagden) at 4, 18, 25 or 37°C for 24 hours (>?=4 ± s.d.)
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4.3.4 HSDSC studies into liposome I poloxamer interactions

A poloxamer concentration of 0.2% w/v was used throughout the HSDSC studies to 

facilitate the comparison of results. Dispersions were incubated at 18°C because 

poloxamers had been shown to interact with DMPC MLVs at this temperature (section 

4.3.3), but at this poloxamer concentration, 18°C is below the CMT of all poloxamers 

studied, so multi-molecular micelle formation should not interfere with results. The pre

transition enthalpies obtained using HSDSC were reproducible between stock 

dispersions and therefore it was not deemed necessary to normalise data by calculating 

AHp/AH values.

4.3.4.1 The effect of including poloxamer at the hydration stage on the thermal 

profile of DMPC MLVs

Typical HSDSC scans of DMPC MLVs (control sample), DMPC MLVs + 0.2% w/v P407 

(Blagden) and DMPC MLVs hydrated in 0.2% w/v P407 (Blagden) are shown in figures 

4.26, 4.27 and 4.28 respectively. Pre-transition enthalpies of preparations to which 

poloxamers were added after hydration, were reduced to 60.0 ± 3.6% and 66.0 ± 5.0% 

of the value of the poloxamer-free sample for P338 (ICI) and P407 (Blagden) 

respectively (figure 4.29). AHp /AH values of identical samples obtained with 

conventional DSC were lower: 35 ± 17.6% for P338 (ICI) and 37 ±1.7 % for P407 

(Blagden) (see figure 4.14). Although results obtained from different calorimeters are not 

directly comparable, they highlight the higher sensitivity of the HSDSC equipment in 

detecting small differences in heat flow not apparent with conventional DSC.
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Figure 4.26 A typical HSDSC scan of DMPC MLVs (incubated at
18 °C for 24 hours).
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Figure 4.27 A typical HSDSC scan of DMPC MLVs + 0.2% w/v P407 
(Blagden) (incubated at 18 °C for 24 hours).
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Figure 4.28 A typical HSDSC scan of DMPC MLVs hydrated in
0.2%w/v P407 (Blagden) (then incubated at18°C for 24 hours)
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Figure 4.29 Pre-transition enthalpy of DMPC MLVs to which 
poloxamer has been added (+), or included at the hydration stage 
(in), then incubated at 18°C for 24 hours (n=4 ± s.d.)
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Pre-transition enthalpies of DMPC MLVs with poloxamer added or poloxamer included 

in the hydrating medium were significantly lower (p<0.05) than those of poloxamer-free 

samples. The mean pre-transition enthalpy of formulations in which poloxamer P407 

(Blagden) was included at the hydration stage was significantly lower (p<0.05) than 

when P407 (Blagden) was added after MLV manufacture. This suggests that P407 

(Blagden) interacts more with liposomal bilayers when included in the hydrating medium. 

The mean pre-transition enthalpy of formulations in which poloxamer P338 (ICI) was 

included at the hydration stage was lower than but not significantly different (p<0.05) to 

the mean pre-transition enthalpy of samples where P338 (ICI) was added after liposome 

formation. This may be partly due to the large standard deviation obtained for samples 

where P338 (ICI) was included at the hydration stage.

The Tc of the pre- and main transition endotherms and the enthalpy of the main 

transition of DMPC MLVs was not significantly affected (p<0.05) by poloxamer (either 

added or included at the hydration stage) (table 4.5). Thus the enthalpy of the pre

transition is the most important parameter for detecting the presence of small quantities 

of extraneous molecules in the phospholipid bilayers of liposomes.

Table 4.5 Effect of poloxamer on the pre- and main transition temperatures and 

the main transition enthalpy of DMPC MLVs (n=4 ± s.d.)

Sample
Tc m AH (J/g)

pre- main main

DMPC MLVs (control) 15.47 ±0.11 24.04 ±0.17 1.84 ±0.34

DMPC + 0.2% w/v P338 (ICI) 15.61 ±0.07 24.21 ± 0.03 1.68 ±0.05

DMPC + 0.2% w/v P407 (Blag) 15.64 ±0.11 24.20 ± 0.04 1.83 ±0.12

DMPC in 0.2% w/v P338 (ICI) 15.46 ±0.15 24.24 ± 0.02 1.73 ±0.14

DMPC in 0.2% w/v P407 (Blag) 15.33 ±0.53 24.21 ± 0.04 1.78 ±0.11

A series of four replicates of poloxamer-free DMPC MLVs had a mean VMD of 7.25 ± 

0.12 pm and a mean distribution span of 1.40 ± 0.05 following incubation at 18°C for 24 

hours, as determined using laser diffraction particle size analysis. This compares to a
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mean VMD of 5.38 ± 0.28 pm and a mean span of 1.61 ± 0.14 for DMPC MLVs hydrated 

in P338 (ICI), and a mean VMD of 4.98 ± 0.58 pm and a mean span of 1.55 ± 0.23 for 

DMPC MLVs hydrated in P407 (Blagden). Although these values are significantly lower 

(p<0.05) than the poloxamer-free sample, they are still representative of a typical 

population of MLVs, indicating that differences in pre-transition enthalpy were not due 

to large changes in vesicle diameter.

The significantly enhanced interaction of P407 included at the hydration stage could be 

ascribed to its large POP moiety. The hydrophobic block could theoretically anchor to 

the hydrophobic region of phospholipid molecules during bilayer assembly. This would 

maximize the interaction between the poloxamer and liposome and reduce the 

possibility of poloxamer desorption. Hydration of DMPC films with poloxamer solutions 

may increase the number of bilayers of each MLV that poloxamer molecules are 

exposed to, since they are dissolved in the hydrating medium. However, the outer layers 

of the lipid film hydrate first and may hinder the progress of solutes to the inner aqueous 

compartments (Gruner et al, 1985b).

The orientation of the POE groups could affect the strength of the interaction between 

the poloxamer and the liposome. Kostarelos et al (1995) hypothesized that if the POP 

moiety was incorporated into the bilayer, the POE moieties would either extend 

externally from the vesicle or span the membrane. In the latter case the poloxamer 

molecule would possibly be more securely attached to the bilayer (for reasons of 

geometry). It is possible that including poloxamer at the hydration stage enables the 

poloxamer to interact with the bilayer to a greater extent, possibly spanning the 

membrane.

4.S.4.2 The effect of freeze-thawing on the thermal profile of liposome I poloxamer 

dispersions

Typical HSDSC scans of DMPC MLVs (control sample), DMPC MLVs + 0.2% w/v P338 

(ICI) and DMPC MLVs + 0.2% w/v P407 (Blagden) before and after freeze-thawing are 

shown in figures 4.30, 4.31 and 4.32 respectively.
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Figure 4.30a A typical HSDSC scan of DMPC MLVs incubated at 18°C
for 24 hours, before freeze-thawing
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Figure 4.30b A typical HSDSC scan of DMPC MLVs incubated at 18°C 
for 24 hours, after freeze-thawing
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Figure 4.31a A typical HSDSC scan of DMPC MLVs + 0.2% w/v P338
(ICI) Incubated at 18°C for 24 hours, before freeze-thawing
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Figure 4.31b A typical HSDSC scan of DMPC MLVs + 0.2% w/v P338 
(ICI) Incubated at 18°C for 24 hours, after freeze-thawing
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Figure 4.32a A typical HSDSC scan of DMPC MLVs + 0.2% w/v P407
(Blagden) incubated at 18°C for 24 hours, before freeze-thawing
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Figure 4.32b A typical HSDSC scan of DMPC MLVs + 0.2% w/v P407 
(Blagden) incubated at 18°C for 24 hours, after freeze-thawing
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Figure 4 .33 shows the pre-transition enthalpies of DM PC MLVs before and after freeze- 

thawing. Pre-transition enthalpies of dispersions of DM PC MLVs incubated with 0.2%  

w/v P338 (ICI) or P407 (Blagden) were significantly lower (p<0.05) than those incubated 

without poloxamer. Enthalpy values were 64.3 ± 9.6%  and 70.6 ± 4 .1%  of the enthalpy 

of the control for formulations containing P338 (ICI) and P407 (Blagden) respectively. 

The pre-transition enthalpy of DM PC MLVs was not significantly different before or after 

freeze-thawing (p<0.05). However, the pre-transition enthalpies of DM PC MLVs 

incubated with either P338 (ICI) or P407 (Blagden) were significantly reduced following 

freeze-thawing (p<0.05). Post freeze-thaw enthalpies were 46.4 ± 5.8%  and 46.4 ± 4.0%  

of the mean enthalpy of the poloxamer-free sample for formulations containing P338  

(IC I) and P407 (Blagden) respectively. Freeze-thawing of MLVs produces equilibrium 

distributions of solute (M ayer et al, 1985) and is therefore likely to improve the 

penetration of poloxamer molecules throughout MLVs.

Figure 4.33 Pre-transition enthalpy of DMPC MLVs before and after 
five freeze-thaw cycles in the presence of 0.2% w/v poloxamer (n=4 
±s.d.)
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The Tg of the pre- and main transition endotherms and the enthalpy of the main 

transition were not significantly affected (p<0.05) by poloxamer (either before or after
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freeze-thawing).

Before freeze-thawing, there was no difference between the pre-transitions of DPPC  

MLVs formulations incubated with poloxamers P338 (IC I) or P407 (Blagden) and 

poloxam er-free samples (p<0.05), with all samples producing mean pre-transition 

enthalpies of approximately 0 .28 J/g of suspension (5.6 J/g or 4.21 kJ/mol of 

phospholipid) (figure 4 .34). Freeze-thawing did not affect the pre-transition enthalpies 

of D P P C  MLVs control samples (p<0.05). However, the pre-transition of samples 

incubated with P338 (IC I) or P407 (Blagden) were significantly lower following five 

freeze-thaw cycles (p<0.05). Post freeze-thaw enthalpies were 51.6 ± 21.9%  and 43.7  

± 6.7%  of the mean enthalpy of the poloxamer-free control for formulations containing 

P338 (IC I) and P407 (Blagden) respectively. Typical HSD SC  scans of DPPC MLVs 

(control), D PPC  MLVs + 0 .2%  w/v P338 (IC I) and DPPC MLVs + 0.2%  w/v P407  

(B lagden) before and after freeze-thawing are shown in figures 4 .35, 4 .36  and 4 .37  

respectively.

Figure 4.34 Pre-transition enthalpy of DPPC MLVs before and after 
five freeze-thaw cycles in the presence of 0.2% w/v poloxamer (n=4 
± s.d.)
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Figure 4.35a A typical HSDSC scan of DPPC MLVs incubated at W C
for 24 hours, before freeze-thawing
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Figure 4.35b A typical HSDSC scan of DPPC MLVs incubated at 18°C 
for 24 hours, aüer freeze-thawing
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Figure 4.36a A typical HSDSC scan of DPPC MLVs + 0.2% w/v P338
(ICI) incubated at for 24 hours, before freeze-thawing
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Figure 4.36b A typical HSDSC scan of DPPC MLVs + 0.2% w/v P338 
(ICI) incubated at 18°C for 24 hours, after freeze-thawing
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Figure 4.37a A typical HSDSC scan of DPPC MLVs + 0.2% w/v P407
(Biagden) incubated at 18°C for 24 hours, before freeze-thawing

Fig. ; Exp#hm#nt :WPC 50mg/ml MLV» * 0 2 % ^  P407(BN#M F-T MVI80  CniciM* : bMch vij 
07-18-97 Proc««uf» : DPPC SOmo/ml MLV» P407(Bla>B4 F-T «3/18o fSecMA# imoitOl O

Heat Flow/ mW 
Exo 0.5

0.0

Onset point • 34 85 °C 
Peak 1 top : 36 37 X  

Enthalpy / J/g ; 0 2847 (Endothermie effect)

•OJ

-1.0

-1.5

Onset point 41 12 X  
Peak 1 top 41,67 X  

Enthalpy / J/g 2 1752 (Endothermie effect)
-2.5

-3.0

2200 2400800 1000 1200 1400 1800 2000

Figure 4.37b A typical HSDSC scan of DPPC MLVs + 0.2% w/v P407 
(Blagden) incubated at 18°C for 24 hours, after freeze-thawing
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The mean VMDs of all DMPC and DPPC MLVs were determined before and after 

freeze-thawing using laser diffraction particle size analysis (table 4.6). All preparations 

had diameters indicative of a population of large MLVs both before and after freeze- 

thawing, indicating that differences in pre-transition enthalpy were not due to large 

changes in vesicle diameter.

Table 4.6 Mean VMD and mean distribution span o f DMPC MLVs before and after 

freeze-thawing (n=4 ± s.d)

Preparation
Mean VMD, (Mean distribution span)

Before freeze-thawing After freeze-thawing

DMPC 7.25 pm (1.40) 9.48 pm (1.57)

DMPC+0.2% w/v P338 (ICI) 7.14 pm (1.61) 7.50 pm (1.72)

DMPC+0.2% w/v P407 (Bla) 7.23 pm (1.55) 7.74 pm (1.52)

DPPC 6.40 pm (1.35) 7.59 pm (1.61)

DPPC+0.2% w/v P338 (ICI) 5.96 pm (1.54) 5.62 pm (1.42)

DPPC+0.2% w/v P407 (Bla) 6.46 pm (1.29) 5.69 pm (1.38)

Again no significant differences (p<0.05) in the of the pre- and main transition 

endotherms and the enthalpy of the main transition were produced by poloxamer (either 

before or after freeze-thawing). The fact that freeze-thawing further reduced the pre

transition enthalpy of DMPC MLVs and reduced the pre-transition enthalpy of DPPC 

MLVs incubated with poloxamers suggests that freeze-thawing augmented the 

interaction between poloxamers and these liposomes. The results suggest that freeze- 

thawing compromised the long-range order of the phospholipid bilayer possibly allowing 

poloxamer molecules to penetrate into the hydrocarbon region of the bilayer. Freeze- 

thawing of MLVs produces equilibrium distributions of solute (Mayer et al, 1985). The 

process damages liposome bilayers by internal ice formation. Damaged bilayers re

anneal and it is feasible that poloxamer molecules are incorporated into the 

compromised bilayer structure during this process. In addition, the thaw temperature 

(50°C) was above the T̂ . of DPPC MLVs (41 °C), and so the permeability of bilayers 

would be increased once they had reached this temperature, possibly permitting
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penetration of poloxamer molecules into the bilayer.

4.3 4.3 The effect of repeated heating and cooling on the thermal profile of 

liposome I poloxamer dispersions.

The mean pre-transition enthalpy of DM PC MLVs remained unchanged during repeated 

heating and cooling whereas the mean pre-transition enthalpy of all samples to which 

poloxamer was added reduced incrementally after each heating / cooling cycle (figures 

4.38 and 4.39). Following repeated heating and cooling, the pre-transition enthalpies of 

poloxamers P338 (ICI) and P407 (Blagden) were significantly lower than those of P338  

(Blagden) and P407 (ICI) (p<0.05). An approximately exponential model best describes 

the decrease in pre-transition enthalpy of poloxamer-containing formulations with time. 

This suggests that there was a gradual increase in the cumulative amount of poloxamer 

associated with DM PC liposomes with time, but there was a decrease in the rate of 

association as time progressed.

Figure 4.38 Pre-transition enthalpy of DMPC MLVs subjected to 
repeated heating and cooling cycles in the presence of 0.2% w/v 
P338(n=3±s.d .)
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Figure 4.39 Pre-transition enthalpy of DMPC MLVs subjected to 
repeated heating and cooling cycles in the presence of 0.2% w/v 
poloxamer (n=3 ± s.d.)
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Table 4 .7  shows the mean pre-transition enthalpy at various time intervals as a 

percentage of the mean pre-transition enthalpy before addition of poloxamer (with one 

heating-cooling cycle lasting approximately 1.37 hours). Percentage reductions were 

calculated to compensate for any differences between initial enthalpies. After 27  

heating-cooling cycles, the difference between the percentage reductions was significant 

for the two P407 samples but not for the two P338 samples (p<0.05). There was no 

significant difference (p<0.05) between the mean pre-transition enthalpy after 24 and 

36 hours for formulations containing any of the poloxamers, indicating that there was no 

further increase in the amount of poloxamer interacting after 24 hours (18 heating- 

cooling cycles). This essentially agrees with the findings of section 3.3.1 in which size 

increases were observed immediately after administration of poloxamer solutions to 

small EPC liposomes, followed by further small increases as time progressed to 

approximately 16-24 hours after which no further increases in diameter were detected. 

This may be due to a maximum number of poloxamer molecules adsorbing to / 

penetrating into the bilayer, or an equilibrium situation being reached in which 

poloxamer molecules are constantly adsorbing and desorbing from the liposome
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surface. The former would occur if the poloxamer penetrates into, and strongly 

associates with, the hydrophobic region of the phospholipid bilayer whereas the latter 

may occur if poloxamers weakly associate with the bilayer or merely adsorb to the 

surface of the liposome.

Table 4.7 Pre-transition enthalpy of DMPC MLVs as a percentage o f the mean pre

transition enthalpy before addition o f poloxamer (n=3 ± s.d.)

Time
(hours)

as a percentage of initial

No poloxamer P338 (ICI) P407 (ICI) P338 (Blag) P407 (Blag)

2 99 ± 1% 83 ± 3% 94 ± 8% 91 ± 8% 84 ± 7%

6 98 ± 2% 75 ± 3% 88 ± 6% 88± 10% 74± 11%

12 98 ± 2% 67 ± 6% 85 ± 5% 83± 10% 68± 10%

19 98 ± 1% 62 ± 6% 80 ± 9% 81 ±10% 62 ± 7%

24 97 ± 1% 63 ± 7% 80 ± 2% 79± 10% 59 ± 5%

30 98 ± 0.2% 60 ± 6% 79 ± 6% 76 ± 10% 58 ± 6%

37 97 ± 0.5% 60 ± 6% 78 ± 5% 75 ±10% 56 ± 6%

The pre-transition enthalpy of DPPC MLVs (control sample) was unaltered by repeated 

heating and cooling. The pre-transition enthalpy of samples to which poloxamer were 

added reduced with each heating / cooling cycle for the first 12 hours (8 cycles) 

suggesting that there was a gradual increase in the cumulative interaction between the 

two components with time (figure 4.40). After 36 hours (22 cycles), the pre transition 

enthalpy of P338 (ICI) was reduced to 51.8 ± 6.3% of its original value. This compares 

to 39.3 ± 9.04% for P407 (Blagden).Table 4.8 shows the mean pre-transition enthalpy 

at various time intervals as a percentage of the mean pre-transition enthalpy before 

addition of poloxamer (with one heating-cooling cycle lasting approximately 1.64 hours). 

There was no significant difference (p<0.05) between the enthalpy after 24 and 36 hours 

for formulations containing either poloxamer, indicating that no further increase in the 

amount of poloxamer interacting occurs after 24 hours.
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Figure 4.40 Pre-transition enthalpy of DPPC MLVs subjected to 
repeated heating and cooling cycles in the presence of 0.2% w/v 
poloxamer (n=3 ± s.d.)
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Table 4.8 Pre-transition enthalpy of DPPC MLVs as a percentage of the mean pre

transition enthalpy before addition of poloxamer (n=3 ± s.d.)

Tim e (hours)
AH„e.,ra„ 3s 3 percentage of initial

No poloxamer P338 (ICI) P407 (Blagden)

2 100 ± 9 % 71 ± 12% 70 ± 4%

6 9 9 ±  10% 6 0 ±  11% 55 ± 7%

12 9 7 ±  10% 54 ± 4% 48 ± 3%

19 9 9 ±  11% 53 ± 5% 44 ± 3%

24 9 9 ±  11% 53 ± 7% 43 ± 7%

31 9 7 ±  11% 53 ± 7% 40 ± 9%

36 9 7 ±  11% 52 ± 6% 39 ± 9%

The fact that the pre-transition enthalpy of DPPC MLVs was reduced after heating to 

tem peratures above its gel to liquid-crystalline phase transition indicates that the
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interaction of liposomes with poloxamers added to the system occurs at temperatures  

above the phase transition. DPPC MLVs incubated at a temperature below the failed 

to interact with poloxamers added to the system (section 4 .3 .4 .2 ). However, in this 

system, as the temperature was increased above the the membrane would be in a 

more fluid state and hence the barrier against diffusion of the PO P moieties into the 

hydrophobic region of the bilayer was removed. The results provide evidence that 

formulating solid state vesicles sterically stabilized with poloxamers may be possible.

4.3.5 Effect of high concentrations of poloxamers on the thermal transitions of 

DMPC MLVs

Typical H SD SC  scans of DM PC MLVs +2 and 5% w/v P338 (IC I) (incubated at 1 8 X  

for 24 hours) are shown in figures 4.41 and 4 .42  and typical scans of DM PC MLVs +2 

and 5% w/v P407 (Blagden) (incubated at 25°C  for 24 hours) are shown in figures 4.43  

and 4.44.

Figure 4.41 A typical HSDSC scan of DMPC MLVs + 2% w/v P338 (ICI) 
Incubated at 25 C for 24 hours
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Figure 4.42 A typical HSDSC scan of DMPC MLVs + 5% w/v P338 (ICI)
incubated at 18‘̂ C for 24 hours
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Figure 4.43 A typical HSDSC scan of DMPC MLVs + 2% w/v P407 
(Blagden) incubated at 25 C for 24 hours
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Figure 4.44 A typical HSDSC scan of DMPC MLVs + 5% w/v P407
(Blagden) incubated at 25 C for 24 hours
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The HHWs of DMPC MLVs incubated with up to 5% w/v P338 (ICI) and P407 (Blagden) 

are shown in figures 4.45 and 4.46 (data for formulations containing 0.1 to 1% w/v 

poloxamers was acquired using conventional DSC analysis [section 4.3.3]). At 

concentrations above 2% w/v, the HHW of formulations containing either poloxamer 

increased significantly (p<0.05). The HHW increased dramatically at concentrations 

above 2% w/v for preparations incubated with P338 (ICI) at 25°C, with lower but 

significant increases at 18 and 37°C (figure 4.45). An incubation temperature of 25°C 

is close to the T̂  of DMPC MLVs, so the bilayer will have been disordered and relatively 

permeable to extraneous solutes. This should facilitate penetration of poloxamer 

molecules into the bilayer. A temperature of 25°C is also close to the CMT of P338 (ICI) 

in this concentration range (see section 4.3.1), and so the solubility of poloxamer in 

water would have been lower than at 18°C, characterized by a greater necessity to 

shield POP moieties from the aqueous phase. This could be reflected by increased 

association with liposomes in order to reduce the interfacial tension of the POP block. 

It is possible that poloxamers could solubilize phospholipid molecules to form mixed 

micelles, as seen when high concentrations of PEG-lipid conjugates were included in
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liposome formulations (Kenworthy et al, 1995b; Bedu-Addo et al, 1996). Following 

incubation at 25°C with 5%  w/v P338 (IC I) or P407 (Blagden), it was not possible to 

assess the diameter of liposomes using laser particle size analysis. This suggests that 

vesicles had been solubilized to mixed micelles. Further investigations would need to 

be performed to validate this hypothesis.

There appears to be a significant but reduced interaction between the components at 

37°C, characterized by a much lower (compared to 2 5 X ) ,  steady increase in FIHW with 

increasing P338 (ICI) concentration. This could be due to the fact that 37°C is above the 

C M T  of P338 (ICI), and although DM PC MLVs exist in a liquid-crystalline state, the 

bilayer will be more ordered than at 25°C. Similar HHW s were recorded for preparations 

incubated at 18°C, suggesting that the phospholipid bilayer was less disordered than 

at 25°C .

Figure 4.45 Half height width (°C) of the main transition of DMPC 
MLVs incubated with poloxamer P338 (ICI) at 18, 25 or 37°C for 24 
hours (n -3  ± s.d.)
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Large increases in H H W  were also attained for preparations incubated with P407  

(Blagden) at poloxamer concentrations above 2%  w/v (figure 4 .46). The H H W  of
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formulations incubated at 25°C  were not significantly different at 3 or 5% w/v P407  

(Blagden) possibly suggesting that bilayer saturation had occurred. The HHW s of 

preparations incubated at 18 and 37°C  increased steadily at P407 (Blagden) 

concentrations above 2%  w/v, suggesting a steady increase in the interaction as 

poloxamer concentration was increased.

Figure 4.46 Half height width CC) of the main transition of DMPC 
MLVs incubated with poloxamer P407 (Blagden) at 18, 25 or for 
24 hours (n=3 ± s.d.)
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The main T^ of DM PC MLVs decreased when incubated with P338 (ICI) and P407  

(Blagden) at concentrations above 2%  w/v (table 4.9). Following incubation at 18°C, 

significant reductions in T^ were observed for formulations containing 5% w/v P338 (ICI) 

and >3% w/v P407 (Blagden). At 25 and 37°C, reductions were significant at all 

concentrations of P338 (ICI) and P407 (Blagden) except for the formulation incubated 

with 2%  w/v P407 (Blagden) at 25°C . The greatest reductions were observed for 

dispersions incubated at 25 and 37°C . The reduction of T^ with increasing poloxamer 

concentration coincides with the development of a broad shoulder on the high 

temperature side of the main transition peak. This was a feature of the scans of systems 

incubated at all temperatures studied, but was especially evident for those incubated at
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25°C. It is indicative of an impurity-induced freezing point depression (Cater et al, 1974), 

which suggests that poloxamer interferes with the packing order of the bilayer. One 

could therefore conclude that poloxamer has incorporated into the phospholipid bilayer. 

However, the data does not rule out the formation of a mixed micellar phase. 

Interestingly, a pre-transition endotherm was apparent at high poloxamer concentrations 

which may perhaps indicate phase separation. Evidence of bilayer solubilization was 

detected following incubation of DMPC 2 mg/ml MLVs with 1% P338 (ICI) or P407 

(Blagden) at 25 and 37°C (section 3.3.6). When considered with the fact that it was not 

possible to accurately assess the diameter of liposomes incubated with 5% w/v 

poloxamer following incubation at 25°C, it seems likely that the shoulder depicts a 

gradual solubilization of bilayer structure with increasing poloxamer concentration.

Table 4.9 Main transition temperature (TJ o f DMPC MLVs foiiowing incubation at 

18, 25 or 37**C for 24 hours with P338 ( id )  or P407 (Blagden) (n=3 ± s.d.)

Formulation
Tc(°C )

(incub at 18°C) (incub at 25X ) (incub at 37X )

No poloxamer 24.04 ± 0.17°C 24.23 ± 0 .04X 24.18 ±0 .0 6 X

+2% P338 (ICI) 23.93 ± 0.04X 22.34 ±0.1 OX 24.03 ± 0.04X

+3% P338 (ICI) 23.63 ± 0 .24X 23.22 ± 0 .27X 23.61 ± 0 .3 1 X

+5% P338 (ICI) 22.32 ± 0.1 r C 22.34 ± 0 .29X 22.49 ± 0.02X

+2% P407 (Blag) 23.35 ± 0.45X 22.71 ± 1.03X 22.98 ± 0.06X

+3% P407 (Blag) 22.49 ± 0.06X 22.44 ± 0.01 X 22.46 ± 0.03X

+5% P407 (Blag) 21.28 ±0 .4 7 X 21.15 ± 0 .2 7 X 21.49 ± 0 .0 7 X

Jain and Wu (1977) fitted the nonionic surfactants they studied to a type A profile (a 

broadening of the peak accompanied by a lowering of T̂ . with little or no shift in TJ (see 

section 4.16). The types of molecule that induce type A profiles are generally long 

structures with a polar and nonpolar end. Jain and Wu (1977) hypothesized that 

because type A compounds disrupt both the packing and co-operativity of the bilayer, 

that they were localized in the vicinity of the first eight carbons of the hydrocarbon chain. 

This would require them to be relatively large and moderately amphipathic. It follows that
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the POP moiety of P338 or P407 could extend into the hydrocarbon chain region of the 

bilayer and upset the molecular packing. At low concentrations this would be symbolized 

by a reduction of pre-transition enthalpy. Only at higher concentrations would there be 

enough poloxamer molecules present to significantly change the T,, and reduce bilayer 

co-operativity (increase HHW). In addition, the reduction in the T,. is said to indicate a 

preferential localisation in liquid crystalline regions of the bilayer (van Osdol et al, 1992; 

Biltonen and Lichtenberg, 1993) although further studies are required to verify this 

hypothesis.

4.4 Conclusion

Incubation at 18, 25 or 37°C with poloxamers P338 (ICI), P407 (ICI), P338 (Blagden) 

or P407 (Blagden) modified the thermal profiles of DMPC MLVs. The pre-transition 

enthalpy was reduced at low poloxamer concentrations and eventually eradicated (after 

incubation with certain poloxamer samples) as poloxamer concentration was increased. 

HHWs of the main transition increased slightly as the concentration of certain 

poloxamers was increased towards 1 % w/v, signifying that poloxamers molecules were 

affecting the co-operativity of the gel to liquid-crystalline phase transition. Much smaller 

reductions in the pre-transition enthalpy were observed when preparations were 

incubated at 4°C indicating that the rigid bilayer structure of gel state liposomes inhibited 

the interaction with poloxamers. The influence of incubation temperature was less clear 

for preparations incubated at 18, 25 or 37°C, although it appeared that pre-transition 

enthalpies were slightly lower at 25°C. This could be due to maximum lateral bilayer 

separation near the T̂  of DMPC MLVs.

P407 (ICI) was markedly less effective than other poloxamers in reducing the pre

transition enthalpy of DMPC MLVs. HSDSC analysis showed that P407 (ICI) had a 

much higher CMT than P407 obtained from Blagden chemicals. However, the enthalpy 

of micellization was similar for each, suggesting that both poloxamers had similar sized 

POP blocks since the heat of micellization is strongly correlated to the quantity of POP 

in the sample (Wanka et al, 1994). However, GPC analysis showed that P407 (ICI) had
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a markedly lower molecular weight profile than P407 (Blagden). This seems to indicate 

that the P407 (ICI) sample had degraded. HSDSC analysis could have application as 

a predictive technique to assess the quality of poloxamer samples by comparing the 

Tmin and AHmic data with a database of poloxamers with nominal molecular mass. 

Although one would expect some variation amongst samples the technique could be 

used to easily identify degraded samples and could be used in conjunction with GPC.

When HSDSC analysis was used to assess the interaction of DMPC MLVs with high 

concentrations (2 to 5% w/v) of poloxamers P338 (ICI) and P407 (Blagden), the results 

showed that in this concentration range, the poloxamers reduced the and 

substantially increased the HHW of the main transition. Therefore, at these 

concentrations, P338 (ICI) and P407 (Blagden) significantly affected the packing and 

co-operativity of phospholipid molecules in DMPC bilayers. The most significant effects 

were observed after incubation at 25°C, probably due to increased penetration of 

poloxamer into the bilayer as a result of the relative disorder of phospholipid molecules 

at temperatures close to the T̂ . The modifications to the thermal profile of DMPC MLVs 

typify those of a type A molecule (using the nomenclature of Jain and Wu [1977]) and 

suggest that the POP moiety of P338 or P407 could extend some way into the 

hydrocarbon chain region of the bilayer. It is probable that at high poloxamer 

concentrations, a non-bilayer phase, such as a mixed micellar phase may also be 

formed since it was not possible to accurately assess the diameter of vesicles incubated 

with 5% w/v P338 (ICI) or P407 (Blagden).

The fact that poloxamers reduced the pre-transition enthalpies of liquid-crystalline state 

DMPC and DPPC MLVs but did not significantly reduce the pre-transition enthalpies of 

gel state DMPC and DPPC MLVs indicates that some degree of poloxamer penetration 

into the phospholipid bilayer had occurred. This is probably due to the POP moiety 

passing between polar head groups in order to associate with an area of relative 

apolarity. The exact localisation of the poloxamer molecule within the bilayer cannot be 

concluded from these results alone.

From these studies it seems that freezing and thawing MLVs could be used to improve
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loading of poloxamers into liposome bilayers. Further experiments could examine how 

the number of freeze-thaw cycles affects the thermal profile of liposomes. The results 

also indicate that HSDSC shows promise as a technique for use in predictive studies 

to determine the optimum quantity of polymer to be included in liposome formulations 

designed to evade uptake by the MRS. This could help to reduce the number of 

preliminary in vivo experiments required.

Inclusion of poloxamers in organic solutions of phospholipid may potentially provide 

good coverage but poloxamers are not soluble in organic solutes such as chloroform. 

Methanol could be used as a solvent to dissolve a poloxamer / phosphatidylcholine 

mixture. DSC analysis could be used to assess the interaction between the 

components, and could determine whether the thermal profiles of vesicles produced by 

this method are affected by freeze-thawing. Results from preliminary DSC studies 

may suggest which loading method is most suitable for further studies.

237



Chapter Five

General conclusions
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The aims of this study were to examine the effect of freeze-thawing on liposomes and 

to elucidate the nature of the interaction between liposomes and poloxamer surfactants 

in order to determine the potential of poloxamers for use in long circulating liposome 

delivery systems. Chapter 2 utilized particle size analysis techniques and freeze-fracture 

electron microscopy in order to develop a reproducible method of producing small 

liposomes (in the region of 100 nm in diameter). The effect of changing individual 

parameters such as freeze-thaw cycle length and number of freeze-thaw cycles was 

assessed since their influence on the properties of resultant FATMLVs is not well 

documented. The mean distribution span of 2 and 5 pm EPC MLVs increased following 

freeze-thawing suggesting that new liposomes had been formed since the diameter of 

any new vesicles had not been standardized by extrusion through polycarbonate filters. 

The results suggested that EPC vesicles attained an equilibrium diameter following 

freeze-thawing since the mean VMDs of standardized 5 pm EPC MLVs reduced as 

cycle length and number of cycles were increased, whereas the mean VMDs of 2 pm 

EPC MLVs increased following freeze-thawing, although no clear trend was detected 

with changing cycle length and number of cycles. It is known that liposome bilayers are 

damaged by internal ice formation during freezing. It may be asserted that bilayers 

break off or partially fragment during freeze-thawing and subsequently re-anneal due 

to the ‘hydrophobic effect' to form a population of new liposomes with an intermediate 

diameter.

Following freeze-thawing, the increased rigidity associated with inclusion of equimolar 

amounts of cholesterol seemed to have a stabilizing influence on 5 pm EPC MLVs, 

inhibiting changes in mean VMD. But cholesterol had a destabilizing effect on 2 pm 

MLVs, as illustrated by large increases in mean VMD and distribution span. This was 

attributed to aggregation and fusion of during vesicle reassembly, possibly due to the 

smaller radius of curvature of 2 pm vesicles.

Freeze-thaw cycle length had a marked effect on the mean VMD of 2 pm EPC / chol 

liposomes (section 2.4.2.1). The mean VMD of 2 pm EPC / chol FATMLVs exposed to 

3 minute freeze-thaw cycles was significantly higher than those exposed to other cycle 

lengths. It was concluded that bilayer fragments may have suffered further freeze-thaw
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damage before re-annealing, increasing the incidence of aggregation and fusion during 

bilayer reassembly.

A preliminary aim of the study was fulfilled by development of a protocol for the 

production of small liposomes (LUVs / oligolamellar vesicles) of reproducible diameter. 

Extrusion of FATMLVs through 100 nm pore filters produced relatively monodisperse 

populations of liposomes with mean diameters in the order of 110-120 nm. After ten 

extrusion passes through two 100 nm pore filters, vesicle diameter was relatively 

independent of phospholipid concentration, number of freeze-thaw cycles and 

cholesterol concentration. Further investigations, such as the ^V-NMR studies 

described by Mayer et al (1986b), could be employed to further assess the lamellarity 

of liposomes produced by this protocol. However for the purpose of this study, 

production of small vesicles of reproducible diameter (using the freeze-thaw extrusion 

protocol described in section 2.3.3) was satisfactory.

The increased mean VMDs of 2 and 5 pm EPC and EPC / chol MLVs dispersed in NaCI 

solutions suggested aggregation and / or fusion of vesicles. This may have been due 

to a reduction of the net repulsive forces (mainly hydration forces), likely to be present 

in preparations dispersed in bi-distilled water, permitting closer vesicle approach. In 

addition, NaCI may have caused areas of instability due to osmotic shrinkage, 

subsequently producing greater damage to bilayers on freeze-thawing. Measurement 

of surface potential and solute efflux could be used to test these arguments.

Size increases of EPC MLVs suspended in 1.0M NaCI solutions were inhibited in the 

presence of poloxamers. Since inhibition was dependent on poloxamer concentration, 

and a high proportion of small vesicles were produced following freeze-thawing at higher 

poloxamer concentrations, it was speculated that the effect was due to poloxamer 

molecules sterically stabilizing the liposome formulations rather than causing the system 

to vitrify during freezing. Poloxamers could hypothetically stabilize the system by 

anchoring to the phospholipid bilayers via their hydrophobic POP moieties with POE 

moieties extending into the aqueous phase and sterically inhibiting the close approach 

of other vesicles.
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The increased leakage of aqueous markers from SU Vs previously described by 

Jamshaid et al (1988) and Woodle et al (1992) may be partially due to the inherent 

instability of SUVs caused by abnormal packing constraints. Therefore larger uni- or 

oligolamellar vesicles (-100 nm diameter) may prove a more stable formulation since 

the physical bilayer structure is less constrained. No bilayer leakage studies were 

undertaken in this project. Future work would need to address this in order to determine 

the feasibility of using poloxamers for sterically stabilizing liposome systems. Future 

studies could also examine whether poloxamers reduce leakage of aqueous solutes 

during freeze-thawing and freeze-drying of liposomes.

Chapter 3 used PCS and a colourimetric assay to determine the extent of the interaction 

between liposomes and poloxamers P338 (ICI), P407 (ICI), P338 (Blagden) and P407 

(Blagden). PCS analysis suggested that the interaction was immediate (section 3.3.1). 

Further small increases in mean diameter were observed 15-24 hours after addition of 

poloxamer solutions, indicating there was some additional poloxamer adsorption. An 

incubation time of 24 hours was used in subsequent studies to allow time for complete 

adsorption of poloxamer. PCS results suggested that the liposome-poloxamer 

interaction was strongly influenced by poloxamer CMT, since increases in the mean 

diameter of freeze-thaw extruded EPC liposomes were dependent on incubation 

temperature. In addition, poloxamers P338 (ICI) and P407 (Blagden) had lower CMTs 

than P338 (Blagden) and P407 (ICI), and promoted significant increases in the mean 

diameter of liposomes following incubation at lower temperatures. However, at higher 

incubation temperatures, P338 (Blagden) and P407 (ICI) also produced significant size 

increases.

PCS analysis showed that the mean diameter of 10 mg/ml freeze-thaw extruded EPC 

liposomes reached a plateau by 2% w/v for P407 and by 3% w/v for P338 following 

incubation for 24 hours at ZTO. Both P338 samples produced maximal size increases 

of -26 nm, compared to -17 nm for the P407 samples. These values are similar to size 

increases previously reported by Jamshaid et al (1988) for ‘saturation’ concentrations 

of these poloxamers. This suggests that differences at lower temperatures and 

concentrations related to differences in purity / polydispersity as well as the CMT of the 

respective poloxamer samples, and provides evidence for saturation of bilayers with
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poloxamer. At low concentrations POE chains may lie relatively flat on the bilayer 

surface. As bilayer coverage increased, POE moieties would sterically interact with one 

another, causing the hydrophilic chains to extend further from the liposome surface. The 

POE chains would be forced into the ‘mushroom’ formation and eventually the ‘brush’ 

formation in order for the bilayer to accommodate more poloxamer molecules 

(Kenworthy et al, 1995a; Ceh et al, 1997; Szleifer et al, 1998). Cholesterol reduced the 

size increase promoted by P338 (ICI) during incubation with small EPC liposomes at 

25°C, probably by reducing bilayer fluidity with a subsequent reduction in the 

permeability of the bilayer to extraneous molecules.

Estimations of ‘saturation’ quantities of poloxamers from colourimetric assay results 

suggested that approximately one molecule of P338 (ICI) or P407 (Blagden) molecule 

associated for every 23 phospholipid molecules for 0.6 pm EPC liposomes. Since 

poloxamers bind to hydrophobic surfaces in a loop and chain configuration, it is possible 

that the liposome-poloxamer interaction is characteristic of an extremely strong 

(effectively irreversible) adsorption process. In order to test this hypothesis, dialysis of 

free-poloxamer followed by HSDSC analysis could be employed to determine whether 

poloxamer may be removed from liposome bilayers.

The mean diameters of freeze-thaw extruded 2 mg/ml DMPC liposomes were reduced 

as poloxamer concentration was increased from 0.3 or 0.5% w/v to 1% w/v poloxamer 

following incubation at 25 or 37°C, suggesting that some vesicles were solubilized by 

poloxamers at these temperatures and concentrations. However, there was no evidence 

of solubilization of EPC liposomes in the concentration range investigated. The influence 

of incubation temperature was more complex for DMPC liposomes than for EPC 

liposomes since incubation of some samples at 25°C (near to the main T̂  of DMPC 

liposomes) affected the interaction in addition to the poloxamer CMT. This was probably 

due to the maximal lateral separation of polar head groups at T̂  (Doniach, 1978; Nagle 

and Scott, 1978).

Poloxamer samples were characterised using HSDSC and GPC. HSDSC analysis 

showed differences in the micellization behaviour of poloxamer samples obtained from
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different manufacturers, with P338 (ICI) and P407 (Blagden) having lower CMTs than 

P338 (Blagden) and P407 (ICI) respectively. The difference between the CMT of the two 

P338 samples may be ascribed to differences in purity, since a broader shoulder was 

observed on the molecular weight profile of P338 (ICI) sample, as determined by GPC 

analysis. This agreed with observations from HSDSC analysis with a greater difference 

between T^and T̂ ĵ  observed for P338 (ICI) suggesting a less co-operative transition 

and therefore greater polydispersity (Wanka et al, 1990). The distinctly higher CMT and 

lower molecular mass of poloxamer P407 (ICI) compared to P407 (Blagden) suggest 

that differences in performance were due to impurities or degradation of the P407 (ICI) 

sample. Di-block copolymers are a possible degradation product since AĤ ic was similar 

for both samples suggesting that the two samples had a similar length POP moiety 

(Beezer et al, 1992; Wanka et al, 1994). GPC and HSDSC could potentially be used for 

quality control of poloxamer samples to routinely test poloxamer purity and 

polydispersity.

Depending on incubation temperature, there were also differences in the degree of 

interaction of P338 (ICI) and P338 (Blagden) with EPC and DMPC liposomes. Although 

GPC analysis suggested that P338 (ICI) and P338 (Blagden) had similar molecular 

weight profiles, the fact that they had different CMTs suggests that poloxamer CMT was 

a critical parameter in determining the extent of the interaction with liposomes at a 

particular temperature. Differences may be due to difficulties in synthesizing poloxamers 

with a reproducible, narrow molecular weight distribution. The potential for routine use 

of poloxamers in steric stabilization of liposome formulations may be dependent on the 

development of a better method of synthesis in order to reduce polydispersity and inter

batch variation, since PCS and DSC analysis showed that poloxamer structure / purity 

/ CMT could affect the interaction between the two components. Porter et al (1992a) 

showed that differences in the molecular weight profile of P407 affected its ability to 

redirect intravenously administered polystyrene nanoparticles in vivo. Future studies 

could determine the in vivo performance of liposomes incubated with poloxamers

obtained from various different manufactures to detect whether inter-batch variations
/

affect biodistribution.
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DSC analysis demonstrated the influence of poloxamer concentration and incubation 

temperature on the interaction between DMPC MLVs and poloxamers. An interaction 

was detected following incubation at temperatures corresponding to the Pp. and 

states but not the Lp state of DMPC MLVs. At low concentrations of poloxamer an 

interaction with the phospholipid bilayer was detected by a reduction of the pre-transition 

enthalpy. At higher concentrations of P338 (ICI) and P407 (Blagden) (up to 5% w/v [50 

mg /ml]), the main transition of 50 mg/ml DMPC MLVs reduced, the HHW significantly 

increased and a broad shoulder, indicative of phase separation, appeared on the high 

temperature side of the main transition peak. In addition, following incubation with 

5% w/v P338 (ICI) or P407 (Blagden), it was not possible to accurately assess the 

diameter of vesicles using laser particle size analysis, suggesting that some 

phospholipid had been solubilized into mixed micelles.

The pre-transition enthalpy of DPPC MLVs was unaffected following incubation at 18°C 

with 0.2% w/v P338 (ICI) or P338 (Blagden). However, an interaction between 

poloxamer and DPPC MLVs was promoted by repeatedly warming to temperatures 

above the main (41 °C), as indicated by a reduction of the pre-transition enthalpy. 

Solid state vesicles are potentially more suitable than fluid state vesicles for use as a 

drug delivery system, since they are generally more stable in vivo and are known to 

reduce leakage of encapsulated materials (Kirby and Gregoriadis, 1980). Assessment 

of drug entrapment and leakage would help to determine the suitability of the system for 

use in drug delivery.

Other attempts to enhance the interaction, as determined by HSDSC and the 

quantitative colourimetric assay were also successful. Freeze-thawing of liposome / 

poloxamer suspensions resulted in significant reductions of the pre-transition enthalpy 

of DMPC and DPPC MLVs when compared to values before freeze-thawing. The pre

transition enthalpy proved to be a sensitive indicator of the interaction of small quantities 

of poloxamer with the liposome bilayer, and allowed assessment of techniques 

employed to maximize the liposome-poloxamer interaction. Mayer et al (1985) showed 

that the concentration of Mn̂ "̂  encapsulated in EPC MLVs increased following freeze- 

thawing. These results suggest that the technique can also be applied to poloxamers.
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Hydration of DMPC MLVs in poloxamer solutions also improved the interaction, as 

determined by HSDSC. Inclusion of poloxamer in the organic solution prior to hydration 

might improve poloxamer coverage further. Since poloxamers are not soluble in 

chloroform, an organic solvent such as methanol, in which poloxamers are soluble, 

could potentially be used to dissolve poloxamer / phosphatidylcholine mixtures. Future 

investigations could determine whether the improved interactions with poloxamer 

following freeze-thawing or hydration of phospholipid films in poloxamer solutions 

translate to increased circulation half-lives in vivo. HSDSC analysis may be used in 

preliminary studies to determine the extent of the interaction between the two 

components and suggest which loading methods are most suitable for further studies.

This work aimed to develop a better understanding of the interaction between liposomes 

and poloxamers. PCS results indicated that the liposome-poloxamer interaction was 

dependent on the incubation temperature and CMT of poloxamers. The liposome- 

poloxamer interaction was further elucidated by HSDSC and the colourimetric assay 

results, which confirmed that size increases observed by PCS studies were due to an 

interaction between liposomes and poloxamers. This probably involved penetration of 

the hydrophobic POP moiety of poloxamer into the hydrophobic region of liposome 

bilayers. This hypothesis is supported by the fact that the interaction was inhibited 

following incubation with gel state liposomes, presumably due to the close packed 

bilayer structure inhibiting poloxamer penetration. HSDSC analysis suggested that the 

interaction of poloxamers P338 or P407 with DMPC MLVs was indicative of a type A 

molecule (Jain and Wu, 1977) with the POP moiety extending into the region 

corresponding to the first eight carbons of the hydrocarbon chain. Dye solubilization 

studies such as those described by Kosterelos et al (1997) could be used to further 

elucidate the nature of the interaction between liposomes and the poloxamer samples 

used in this study.
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