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ABSTRACT

Self-Emulsifying Drug Delivery Systems (SEDDS) are specific mixtures o f oil and 

surfactant which readily emulsify in water with little or no agitation. These systems have 

been reported to increase the extent and reproducibility o f poorly water-soluble 

compounds. The rate limiting dissolution step is avoided by presenting the compound in 

solution. In addition, SEDDS deliver the compound as a fine emulsion giving a large 

surface area for diffusion and release by lipid digestion. Similarly, solubilisation in the 

core of mixed micelles (bile salts and lipid digestion products) maintains the compound 

in solution. This study has been performed to evaluate self-emulsifying multiple w/o/w 

and simple o/w emulsions for their potential as delivery systems. Medium or long chain 

triglycerides often reacted with PEG with non-ionic surfactants were investigated. 

Hydrophilic formulations showed the clearest tendency to self-emulsify, forming 

predominantly simple o/w emulsions whereas hydrophobic formulations displayed poor 

self-emulsifying properties but tended to form multiple emulsions. Stability studies for 

multiple emulsions were carried out in water and simulated gastric and intestinal media. 

The most stable formulations contained 90% oil/10% surfactant. Unfortunately phase 

inversion to simple o/w droplets or complete breakdown occurred in simulated intestinal 

media. The mechanism of self-emulsification was studied. This remains unclear 

although it appears that simple emulsions may be formed by phase inversion fi-om a 

multiple emulsion system. As the phase inversion process requires little or no external 

energy this process appears to be self-emulsifying. Liquid crystal formation may also be 

involved. In addition, interfacial features previously reported for spontaneous 

émulsification were observed for some formulations. The digestibility o f selective 

oil/surfactant mixes were analysed in vitro using a pH stat technique. Medium chain 

triglycerides were digested to a greater extent than long chain trigylcerides. In addition. 

Tween 80 concentrations greater than 10%v/v and oils with large PEG groups inhibited 

lipolysis. This was overcome by employing a digestible surfactant. Finally the solubility 

o f two model poorly water-soluble compounds in the oils and several formulations was 

examined to determine the dose loading potential. In general, hydrophilic formulations 

displayed a greater solubilising capacity than hydrophobic formulations.
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Chapter 1 Introduction

1. INTRODUCTION

1.1 Barriers to Oral Drug Delivery

Oral administration is the most frequently used route for drug delivery, being relatively 

safe and convenient, thereby facilitating self-administration. However poor oral 

bioavailability is a persistent and costly difficulty facing the Pharmaceutical Industry. 

For a compound to be absorbed across the intestinal membrane it must first be in 

solution. In addition, it must also have favourable properties to cross the lipophilic 

membrane o f the intestinal mucosa. The bioavailability o f a compound is therefore 

dependent on the physicochemical and physiological factors affecting the dissolution 

and absorption processes. An outline of some o f the factors affecting oral bioavailability 

are illustrated in Figure 1.1

Figure 1.1 Barriers to oral drug delivery

GUT CONTENTS AQUEOUS BOUNDARY MEMBRANE LIVER

Ion Pair

Solid Dosage Form Electrolytes Paracellular Route

1 Luminal Viscosity Mucus Barrier Transcellular Route First-Pass Effect
T

pH Microclimate pH Carrier Mediated Route

Disintegration Digestive Enzymes I ntercellular Metabolism

1 Food Complexation (Cytochrome p450)

T and Competition Brush Border Enzymes

Dissolution Chemical Degradatio 1 Efflux Mechanism

1
Microorganisms (P-Glycoprotein)
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For compounds formulated as solid dosage forms such as tablets or capsules, the initial 

process o f presenting the drug in solution depends on the disintegration and dissolution 

process. The rate o f dissolution can be described by the Noyes-Whitney equation:

dm _ DA{Cs - C )  
dt h

where dm/dt = dissolution rate
D  = diffusion coefficient of the drug
Cs = drug solubility in the solvent
C = drug concentration in the solvent at time t
A = surface area of the undissolved solid
h = thickness of the diffusion layer

Hydrophobic drugs are likely to exhibit dissolution rate limited absorption as a result of 

low aqueous solubility. A ‘poorly soluble’ drug can be arbitrarily classified by intrinsic 

solubility values below lOOpg/ml (Horter and Dressman, 1997). Furthermore, a 

compound can also be described as poorly soluble if  the volume required to dissolve the 

dose exceeds that available in the gastrointestinal tract. This parameter is known as the 

dose:solubility ratio. For example, at the common dose o f 500mg, griseofulvin requires 

33 litres of fluid for complete dissolution (aqueous solubility o f 15pg/ml at 37°C). 

Therefore drug solubility and administered dose are key features necessary to 

understand poorly soluble drug absorption. Methods to improve the bioavailability of 

poorly water-soluble compounds aim to increase the dissolution rate by increasing the 

effective surface area, A. This is commonly achieved by reducing the particle size, or 

employing surfactants/wetting agents to minimise agglomeration. Solid dispersion 

technology or co-solvent formulations are also employed to present the compound in a 

finely dispersed state. The solubility of the compound can be altered by changing the 

crystal structure fi’om a stable to a metastable polymorph, using a more soluble salt or 

increasing the hydrophilicity o f the compound by chemical modification. An alternative 

to solid dosage forms is to deliver the poorly water-soluble compound in solution in a 

liquid dosage form. Lipid delivery systems have commonly been used in this context 

and will be discussed in a later section.
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In contrast, hydrophilic compounds (adequate dissolution profiles) may exhibit poor 

bioavailability as a result o f inadequate absorption. The intestinal membrane forms a 

lipophilic barrier inhibiting absorption to hydrophilic compounds and those with high 

molecular weights and low partition properties, described by low log P values (Aungst, 

1993). Hydrophilic drug absorption is thus limited to paracellular uptake, carrier 

mediated or ion pair transport.

Examples o f physiological barriers include enzymatic and acidic degradation, resistance 

to passage through the viscous luminal contents and mucus barrier layer, pre-hepatic 

and hepatic metabolism and carrier mediated efflux once absorption has taken place. 

The natural change in pH throughout the gastrointestinal tract also affects the proportion 

of acidic and basic drugs in the unionised and ionised state. The proportion of drug in 

these states is important as ionised species favour a higher dissolution rate yet unionised 

species are generally better absorbed.

A recent study conducted by Amidon et al (1995), and later adopted by the Food and 

Drugs Administration USA, identified major concerns in oral bioavailability. In 

essence, the problem lies in the necessity for a drug to be sufficiently hydrophilic to 

dissolve in the aqueous fluid prior to absorption, while also being sufficiently lipophilic 

to allow partitioning across the lipid membrane o f the gut. The balance between 

considerations pertinent to dissolution and absorption has led to the development of the 

Biopharmaceutical Classification Scheme (Amidon et al, 1995) whereby drugs are 

considered to belong to one o f four categories depending on the dissolution and 

absorption characteristics.

1,2 The Biopharmaceutical Classification Scheme

The Biopharmaceutical Classification Scheme (BCS) was initially set up to establish the 

principal factors affecting in vivo performance in order to establish reliable in vitro 

dissolution and permeability tests. Drugs were broadly classified according to aqueous 

solubility and intestinal permeability properties (Table 1.1). This system allows the
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formulator to broadly identify the key formulation strategies for drug delivery. Drugs 

belonging to Class 1 exhibit high solubility and permeability characteristics and 

therefore display excellent bioavailability profiles unless they are substrates for 

enzymatic or metabolic degradation. Examples in this class include acetaminophen and 

metoprolol (Galia et al, 1998). In contrast, Class 2 drugs exhibit high membrane 

permeability but low aqueous solubility. Many o f these drugs are hydrophobic or 

lipophilic in nature and are subject to dissolution rate limited absorption, for example 

danazol and mefenamic acid (Galia et al, 1998). Methods employed to overcome poor 

dissolution usually include increasing the surface area or saturated solubility of the 

compound. Class 3 drugs exhibit good solubility characteristics but poor mucosal 

permeability. Examples in this class include Neomycin B and acyclovir. Rapid 

dissolution is desirable to maximise the concentration gradient and drug contact with 

the absorbing surface to enhance bioavailability. Delivery targets for these molecules 

include promotion o f major drug transport mechanisms such as the opening of tight 

junctions to promote paracellular pathways and stimulating carrier-mediated transport 

systems (Tsuji, 1999; Thanou et al, 2000). Inhibition o f intestinal cell wall metabolising 

enzymes such as cytochrome p450 3A also offers another possible approach 

(Becqument et al, 1999; Zhang et al, 1998). The recent discovery of counter efflux 

proteins that expel drugs after initial absorption has led to a further potential target 

(Benet et al, 1996). Finally, compounds in Class 4 have low solubility and absorption 

properties. Such compounds display poor bioavailability and therefore rarely reach the 

development stage. A combination of technologies employed for Class 2 and 3 

compounds could be applied to these compounds. Examples include chlorothiazide and 

taxol (Devane, 1998).

Table 1.1 The Biopharmaceutical Classification Scheme (Amidon et al, 1995)

CLASS 1 

High Solubility 

High Permeability

CLASS 2 

Low Solubility 

High Permeability

CLASS 3 

High Solubility 

Low Permeability

CLASS 4 

Low Solubility 

Low Permeability
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1.3 Potential for Lipids as Drug Delivery Carriers

The advent of high throughput screening, combinatorial chemistry and receptor 

targeting has led to a substantial increase in the number o f compounds with 

biopharmaceutical problems. In response, numerous delivery systems have been 

developed in an effort to increase the bioavailability o f these problem drugs. In 

particular, lipid carrier systems have been extensively explored for delivery o f a wide 

range of drugs. Early studies demonstrated marked increases in bioavailability upon 

intake of high lipid content food (Crounse, 1961; Kabasakalian et al, 1970; Milton et al, 

1989/ Milton et al (1989) reported an enhanced area under the concentration-time curve 

for halofantrine following a fatty meal from 3.9 mg ml'^ (fasting) to 11.3 mg ml'^ (fed). 

Similarly, Crounse (1961) noted a two-fold increase in serum griseofulvin levels in 

human volunteers following co-administration with a high fat meal. In contrast, studies 

investigating the effect of dietary components such as high protein, high carbohydrate 

and low fat meals indicated no effect on drug serum levels. Several factors were 

proposed to be responsible for fat initiated potentiation o f drug levels including changes 

in gastrointestinal motility, stimulation o f gall bladder secretions with increased 

émulsification or possible alterations o f transport mechanisms.

These early studies have inspired many investigations into the effect o f lipids on oral 

drug absorption (Fischler et al, 1973; Sieber, 1974; Bates and Sequeira, 1975; Bloedow 

and Hayton, 1976; Sieber, 1976). The versatility o f lipid systems has led to the 

development of a number of formulation strategies for delivery o f poorly water-soluble 

Class 2 and 4 compounds and Class 3 compounds with poor membrane permeability.

1.3.1 Lipid systems investigated fo r  compounds in Classes 2 and 4

Carrigan and Bates (1973) studied the absorption characteristics of micronised 

griseofulvin from an oil/water emulsion, an oil suspension and an aqueous suspension. 

A plasma concentration-time plot is shown in Figure 1.2. Peak plasma concentrations, 

Cmax were 2.3 times greater for the emulsion preparation compared to the aqueous
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suspension. In addition, the emulsion peak plasma levels were 1.5 times greater than the 

lipid suspension, suggesting the importance of the lipid physical state. The presence of 

lipid in an emulsion and suspension formulation greatly enhanced the bioavailability of 

a poorly soluble drug.

Figure 1.2 Plasma concentrations of griseofulvin as a function o f time upon administration 
of an aqueous suspension (a), a com oil suspension (A), and an oil-in-water 
com oil emulsion (Q  (dose 50mg/kg in rats, reproduced from Carrigan and 
Bates 1973)

z 1.0 -

<  0.5 -

0.0

HOURS

Similar findings were observed when hydrophobic drugs were formulated in fatty acid 

mixes opposed to triglyceride oils (Stella et al, 1978; Patton and Gilford 1981; 

Tokumura et al, 1987). For example, the bioavailability o f a hydrophobic antimalarial 

improved significantly in an oleic acid fatty acid formulation compared to a 

conventional capsule formulation (Stella et al, 1978). A four-fold increase in area under 

the blood concentration-time curve was observed for the oleic acid formulation.

A number o f mechanisms and influencing factors have been implicated to explain 

increases in drug absorption fi"om oils. These factors generally fall into one of two main 

categories. Firstly, there is now overwhelming evidence that the administered lipid and
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its digestion products may influence physiological processes and uptake mechanisms. 

Secondly, the relevance o f the physical dosage form in terms o f presenting the drug as a 

simple solution, suspension, emulsion or microemulsion have been reported to exhibit a 

significant effect on the bioavailability profile. These factors have been outlined below.

Lipid digestion

The digestibility o f an oil is a key factor that could be responsible for improvements in 

oral bioavailability from lipid dosage forms (Yamahira et al, 1979; Patton and Gilford, 

1981; Bloedow and Hayton, 1976; Myers and Stella, 1992; Humberstone and Charman, 

1997). Yamahira et al (1979) explored the role o f vehicle digestibility on 1- 

Cyclopropyl-4-phenyl-6-chlor-2 (IH)- quinazolinone (SL-512) drug absorption. Drug 

serum levels were almost four times greater in the digestible medium chain triglyceride 

oil compared to the poorly digested lipid MBLA, indicating that lipid digestibility was a 

primary factor affecting drug uptake (Figure 1.3).

Figure 1.3 The serum concentration time profile for SL-512 from a MCT solution (a), and 
MBLA solution (•) (dose levels 2mg/kg, 40pl/rat, reproduced from Yamahira et 
al, 1979)
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0 . 5

0
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Repeating the experiment with ligated bile ducts reduced the absorption from the 

medium chain triglyceride while no effect was observed from the non-digestible lipid. 

This investigation suggests physiological events associated with lipid digestion such as 

stimulation of bile flow leading to mixed micelle formation and effects on gastric 

emptying, may play a role in improving oral bioavailability.

In a later study, MacGregor et al (1997) investigated the effects of a lipolysing and non- 

lipolysing lipid on the oral bioavailability of progesterone in dogs. Two self- 

emulsifying formulations, shown to undergo digestion, were compared with a 

commercially available oily suspension that was not a suitable substrate for digestion. 

Bioavailability indicators, Cmax (the maximum concentration level) and area under the 

concentration-time graph (AUG) were 8-10 times greater for the digestible emulsion.

In contrast, a study by Bloedow and Hayton (1976) indicated that lipids can promote or 

inhibit drug absorption depending on the specific nature o f the drug investigated. The 

effects on lipid polarity and digestibility on the bioavailability of three poorly soluble 

drugs, sulflsoxazole acetyl, dicumarol and griseofulvin were examined. In general, polar 

digestible lipids increased the bioavailability o f poorly water-soluble lipophilic drugs, 

whereas non-polar, non-digestible lipids generally had no effect on bioavailability but 

often reduced the rate of drug absorption. Non-polar oils such as liquid paraffin have 

been reported to retain the drug preventing partitioning and thus absorption. For 

example, the extent o f absorption of sulflsoxazole acetyl and dicumarol was significant 

with polysorbate 80 and triolein (polar and digestible) but was not affected by 

hexadecane (non-polar and non-digestible).

1.3.1.2 Effects o f  lipids on gastric emptying and gastrointestinal motility

In some cases, enhanced drug absorption from lipid delivery systems have been 

explained in terms of physiological process such as changes in the rate o f gastric 

emptying and gastrointestinal motility (Bates and Sequeira, 1975; Chakrabarti and 

Belpair, 1978). Lipids and lipid digestion products have been reported to decrease 

gastric emptying time (Card, 1941; Hunt and Knox, 1968). A delay in gastric emptying 

and small intestinal motility would allow more time for drug dissolution and absorption
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from the lipid phase (Bates and Sequeira, 1975; Chakrabarti and Belpair, 1978). A 

reduction in gastric emptying would also be beneficial for drugs with a narrow 

absorption window by providing a steady source o f drug to the absorption site, which is 

usually the small intestine. To investigate this hypothesis Bates and Sequiera (1975) 

examined the effect of propantheline bromide, a potent inhibitor o f gastrointestinal 

motility, on the absorption o f griseofulvin from an aqueous suspension. The absorption 

o f griseofulvin was monitored by the levels o f 6-desmethylgriseofulvin metabolite 

excreted in the urine. In the presence o f propantheline bromide, maximum excretion 

rates and a significant delay in the levels o f excreted metabolite were noted. A 

concomitant increase in drug absorption o f the order o f 1.53 fold was also noted.

In a later study, Chakrabarti and Belpair (1978) investigated the effects of an emulsified 

com oil emulsion, a non-emulsified com oil suspension and an aqueous suspension on 

phenytoin dmg absorption. Maximum dmg semm levels for the emulsified com oil 

emulsion and the non-emulsified com oil suspension were approximately 1.89 and 1.47 

times higher than from the aqueous suspension. In addition, maximum semm 

concentration were reached more slowly for both oil based formulations compared to 

the aqueous suspension suggesting a delay in arrival at the absorptive site. The 

solubility of phenytoin was low and similar in all formulations investigated, hence the 

differences in absorption may be explained by physiological mechanisms involving the 

influence o f non-emulsified and emulsified oil. In this case altered gastrointestinal 

motility and increased bile flow (initiating faster dissolution from the lipid dosage form) 

were the proposed mechanisms for the observed increase in phenytoin absorption.

1.3.1.3 Stimulation o f  bile flow

The presence o f lipids may also stimulate secretions of bile salts and other physiological 

surfactants (Ivy, 1934; Sjovall, 1954; Holt, 1972). This may substantially increase 

solubilisation and wetting of the hydrophobic surfaces, thereby promoting dissolution 

(Bates et al, 1966; Gilbaldi and Feldman, 1970; Bakatselou et al, 1991; Naylor et al, 

1993; 1995; O ’Driscoll, 1996). The dissolution rate is dependent on the effective 

surface area o f the dmg. A natural tendency to aggregate (commonly displayed by 

hydrophobic compounds) reduces the surface area exposed to the gastrointestinal fluid.
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The presence o f endogenous surfactants can increase the effective surface area of 

hydrophobic compounds by improving the wetting o f the surface thereby increasing the 

dissolution rate. Bile salts have also been reported to solubilise hydrophobic compounds 

in the lipophilic core of surfactant micelles. This phenomenon is known as micellar 

solubilisation. Micelles composed of bile salts are known as simple micelles whilst 

those composed of bile salts and lipid digestion products are known as mixed micelles.

Bakatselou et al (1991) have studied the relative importance o f the contributions of 

solubilisation and wetting by bile salts on the dissolution rate o f hydrophobic 

compounds. To elucidate the predominant feature responsible for increases in 

dissolution rate, the wetting effects of bile salts, solubilising capacity and changes in 

diffusivity were investigated independently on a series of lipophilic steroids. The ability 

o f a liquid to wet a surface was determined via contact angle measurements. The degree 

o f solubilisation was examined by measuring solubilities over a range o f bile salt 

concentrations. The effect o f diffusivity was studied by investigating the effect of disk 

rotation speed in the presence and absence of bile salts. For all compounds, the wetting 

effects predominated at bile salt concentrations representative o f a fasted state 

condition. At higher bile salt concentrations, the wetting effect continued to play a 

dominant role for hydrocortisone, triamcinolone, betamethazone and dexamethazone. 

However, micellar solubilisation played a significant role for danazol, a more lipophilic 

steroid, at concentrations above the critical micelle concentration (at these 

concentrations a slight decrease in diffusivity was also noted as a result o f micellar 

solubilisation). These results suggest the relative role o f wetting, solubilisation and 

changes in diffusivity are drug dependent. The effect o f bile salts as a wetting agent is 

particularly important if  the compound precipitates from the lipid phase upon dilution in 

the gastrointestinal tract or if  administered as a lipid suspension.

Mixed micelles have been reported to greatly enhance the solubility o f hydrophobic 

compounds compared to simple bile salt micelles by creating a super saturated phase 

(Charman and Stella, 1986; Ichihashi et al, 1991; O ’Reilly et al, 1994). Mixed micelles 

maintain the hydrophobic compound in solution avoiding the rate limiting dissolution 

step associated with drugs present in the solid state. In addition, the super saturated 

phase increases the concentration gradient across the intestinal mucosa and creates a 

readily available supply of solubilised drug for absorption (Bakatselou et al, 1991;
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Naylor et al, 1995; Hutchison et al, 1996; O’Driscoll, 1996; MacGregor et al, 1997). In 

addition, many reports have suggested mixed micelles may readily facilitate drug 

transport across the unstirred water layer after which the micellar structure dissociates, 

stimulated by the lower pH microclimate o f the unstirred water layer, releasing the 

compound for absorption (Shiau, 1990; Pouton, 1997).

Hutchison et al (1996) investigated the effect o f various buffer solutions on the 

solubility o f cinnarizine. The aqueous solubility o f cinnarizine was reported to be 

0.5pg/ml compared to 4pg/ml in simple bile salt micelles and 44pg/ml in mixed 

micelles. This effect was attributed to larger micelles formed fi*om fatty acids and bile 

salts (Bakatselou et al, 1991).

Pedersen et al (1996) noted an improvement in the in vitro dissolution rate and 

solubility o f hydrocortisone in the presence o f bile-glycocholate. An increase in bile salt 

concentration led to a concomitant increase in dissolution rate. Further additions of 

selective endogenous surfactants (including monoglycerides and fatty acids) had no 

effect on the dissolution rate but enhanced drug solubility. These results suggest initial 

increases in dissolution rate could be attributed to better wetting o f the hydrophobic 

drug. Thereafter the fatty acids and monoglycerides may contribute to mixed micellar 

solubilisation. This study clearly demonstrates the beneficial effects o f bile salts and 

products o f lipid digestion or indeed initially formulating the compound with fatty 

acids.

In an earlier study, the bioavailability o f cinnarizine was markedly improved in an oleic 

acid (long chain fatty acid) formulation (Figure 1.4a) compared to a conventional tablet 

(Tokumura et al, 1987). This was ascribed to the actions o f bile salts on the oleic acid 

formulation. This hypothesis was confirmed by in vitro dissolution studies in the 

presence of bile salts which resulted in rapid dissolution rates for the oleic acid 

preparation (Figure 1.4b). In addition, the solubility of cinnarizine in 20mM sodium 

glycochenodeoxycholate (30.4|Lig/ml) increased with the addition o f oleic acid 

(40.7|ig/ml). Oleic acid, a fatty acid and a common product o f lipid digestion, maybe 

involved in mixed micelle formation. The formation o f mixed micelles in the 

gastrointestinal tract is thought to be responsible for the observed increases in 

bioavailability from the fatty acid preparation.
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Figure 1.4a Plasm a concentrations o f  cinnarizine as a function o f  time crfter oral 
administration to beagle dogs in a cinnarizine tablet ( o) and oleic acid solution 
(0)  (dose 50mg n=4, reproduced from  Tokumura et al, 1987)
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Figure 1.4b Dissolution profile o f  cinnarizine in a conventional tablet ((f and oleic acid  
form ulation (0) in medium containing glycochenodeoxycholate. (n=3, 
reproduced from  Tokumura et al, 1987)
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1.3.1.4 Lymphatic absorption

The digestion of lipids can also have a significant effect on the absorption pathway. 

Digestion products with short or medium chain saturated fatty acids are preferentially 

taken up by the portal blood supply, while long chain unsaturated fatty acids promote 

lymphatic uptake (Bloom et al, 1951; Ockner et al, 1971; Palin et al, 1982; Palin and 

Wilson, 1984; Humberstone and Charman, 1997). Hydrolysed long chain fatty acids 

and monoglycerides are absorbed by the intestinal cells where re-esterification to 

triglycerides and association with proteins, cholesterol and phospholipids occur to form 

chylomicron (major lipoprotein component). The lymphatic absorption pathway 

minimises hepatic first-pass metabolism by entering the blood circulation directly via 

the internal jugular vein (Ichihshi et al, 1991). Although lymphatic absorption can 

contribute significantly to the overall absorption o f some drugs, this route is limited by 

the physicochemical properties o f the drug itself. Charman and Stella (1986) suggest 

that an ideal drug candidate would have an octanol/water partition coefficient, log P of 

at least 5 and a minimum triglyceride solubility o f 50mg/ml. In addition, the relative 

rates of portal blood to lymph flow (500:1) and the percentage of lipoprotein carriers 

(1%) means that the portal route is favoured (Reininger and Superstein, 1957). 

Nevertheless lipid derivatives have been reported to enhance lymph flow and thus drug 

absorption (DeMarco and Levine, 1969). Lymphatic transport has been promoted by 

several methods including formulating with lipid components o f specific lipid class, 

chain length and degree o f unsaturation to promote lipoprotein synthesis (Ockner et al, 

1971; Sieber, 1976; Palin et al, 1982; Palin and Wilson, 1984; Charman and Stella, 

1986; Muranushi et al, 1986; Cheema et al, 1987; Holmberg et al, 1990; Ichihashi et al, 

1992).

Palin et al (1982) studied the effects o f changing the oil vehicle on DDT plasma 

concentrations. The lipids investigated were arachis oil, Miglyol 812 and liquid 

paraffin. The highest Cmax and AUC values were obtained for arachis oil followed by 

Miglyol 812 then liquid paraffin. A reversal in the trend was observed for tmax values. 

Digestion o f arachis oil liberates water-insoluble unsaturated long chain fatty acids 

which form mixed micelles with simple bile salts. The solubilisation capacity of DDT is 

thus increased. Long chain unsaturated fatty acids have also been reported to act as 

penetration enhancers and may therefore further enhance DDT absorption. In addition.
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the presence o f long chain fatty acids stimulates chylomicron synthesis and thus 

promotes lymphatic uptake. In contrast, lipolysis o f Miglyol 812 liberates saturated 

medium chain fatty acids, which does not promote chylomicron synthesis and are 

transported via the portal route. As liquid paraffin is a non-digestible oil, DDT is 

unlikely to partition fi*om the lipid phase and will remain with the oil and is thus 

excreted. Many of these studies suggest that lipids are not simply inert carriers.

1.3.1.5 Presentation o f  drug in solution

As mentioned above, for a drug to be absorbed it must first be dissolved in the 

gastrointestinal fluid. Dissolution is a pre-requisite to absorption when formulating 

drugs in solid dosage forms. In the case o f hydrophobic drugs, poor aqueous solubility 

is associated with slow or incomplete dissolution with a corresponding effect on the 

rate, extent and reproducibility on the absorption profile. However, the dissolution step 

o f the absorption process can be avoided by dissolving lipophilic drugs in an oily 

vehicle. Presenting the drug in a lipid solution is often attributed to improvements in 

absorption. Abrams et al (1978) investigated the dose dependence of a lipophilic steroid 

derivative (17P-acetoxy-2a-chloro-3-(p-nitrophenoxy)imino-5a-androstane) in seasame 

oil. As the concentration of the drug exceeded its solubility in the oil the proportional 

linearity o f drug absorbed ceased. These results suggest drug absorption is related to the 

amount of solubilised drug in the lipid phase. A further increase in drug loading above 

saturated concentration levels resulted in solid drug particles, which were then subject 

to the dissolution process. This is critical when evaluating and adjusting therapeutic 

doses for the desired clinical response.

1.3.1.6 Emulsification and droplet size

Emulsification o f a lipid vehicle involves a reduction in droplet size usually by the 

addition o f surfactant(s) and an external energy input. Non-ionic surfactants, such as 

polysorbate 80 are often the surfactants o f choice due to reasonably low toxicity profiles 

(Attwood and Florence, 1983). Endogenous surfactants such as bile salts and lecithin 

can also further aid émulsification. An increase in surface area as a result o f a reduction
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in droplet size can have a two-fold effect (Serajuddin et al, 1988; Myers and Stella, 

1992; Charman et al, 1993). Firstly, the greater surface area could allow more efficient 

partitioning of the drug to the aqueous phase from the oil surface. Secondly, for 

digestible oils the larger surface area would allow an increase in lipase activity resulting 

in rapid formation o f mixed micelles which solubilise the hydrophobic compound.

Myers and Stella (1992) examined the effect o f droplet size by comparing an emulsified 

and non-emulsified formulation on the intraduodenal administration o f penclomedine, a 

poorly water-soluble cytotoxic agent. Two oils were investigated; trioctanoin a 

digestible oil, and light mineral oil a non-digestible oil. The results from the 

administration of penclomedine dissolved in a simple oil formulation and an emulsified 

system are displayed in Figure 1.5. From this graph it is evident that both emulsion 

formulations produce higher blood levels compared to the simple oil formulations. 

Trioctanoin undergoes hydrolysis releasing free fatty acids and monoglycerides. In this 

case penclomedine release can occur by two mechanisms, namely straightforward 

diffusion from the oily phase and more rapid release as a result o f lipid digestion 

(greater surface area for lipase action). Thus an increase in surface area would have a 

two-fold effect from digestible emulsions. In the case o f the non-digestible mineral oil, 

drug release was not complicated by the digestion process hence the observed increase 

in drug absorption can be explained in terms o f an increase in surface area available for 

drug release.
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Figure 1.5 Penclomedine whole blood concentrations as a function o f time obtained after 
intraduodenal administration o f trioctanoin emulsion (0), trioctanoin oil ("ql, 
mineral oil emulsion and mineral oil (d  ̂ to rats (reproduced from Myers 
and Stella, 1992)
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The influence o f emulsion droplet size has also been reported to effect the extent of 

drug absorption (Carrigan and Bates, 1973; Serajuddin et al, 1988). Tarr and Yalkowsky 

(1989) investigated the effect o f emulsion droplet size on the absorption characteristics 

o f cyclosporin. Two emulsions were prepared from the commercial Sandimmune® 

formulation, either by stirring (4pm) or by homogenisation (2pm). Cyclosporin blood 

concentrations were 1.7 times greater for the homogenised emulsion. These results 

demonstrate the importance of the physical structure o f the lipid system.

Reductions in inter and intra-individual variability has also been attributed to a 

reduction in droplet size (Charman et al, 1993; Kovarik et al, 1994). It may be 

speculated that an emulsified preparation presents the drug in a more uniform manner 

(Charman et al, 1993). Fed and fasted conditions have been reported to affect the 

absorption profile of drugs prone to dissolution rate limited absorption when 

administered in conventional solid dosage forms. Emulsified formulations present the
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drug in a readily absorbable form and have thus been found to be independent of co

administered food (Charman et al, 1993; Mueller et al, 1994a). In addition, the amount 

of lipid present in the formulation could be sufficient to stimulate the physiological 

processes mentioned above, to the same extent as a lipid meal (Charman et al, 1993).

This discussion has outlined the key factors that may contribute to the enhancement of 

oral bioavailability from lipid dosage forms for Class 2 and 4 compounds. Several 

studies have also been carried out on the effect o f formulating lipids to increase the 

bioavailability of Class 3 drugs. These studies will be outlined in the next section.

1.3.2 Lipid systems investigated fo r Class 3 drugs

The versatile nature of lipid systems has allowed research into the delivery of Class 3 

drugs, which are water-soluble compounds that exhibit poor intestinal permeability 

(Engel et al, 1968; Palin et al, 1986; Constantinides et al, 1995; Matsuzawa et al, 1995; 

Silva Cunha et al, 1997a). Water-soluble molecules can be incorporated into a variety of 

lipid structures, for example in the aqueous phase o f w/o/w multiple emulsions (where 

water droplets are present in the oil droplets present in the bulk phase water) and w/o 

emulsions and microemulsions. In addition, new advances in delivery technology have 

led to the incorporation of water-soluble molecules in a lipid environment in the 

absence o f an aqueous phase (New and Kirby, 1997). The Macrosol system involves an 

initial solubilisation o f the hydrophilic molecule by amphiphilc molecules before the 

addition of the lipid component. In essence, dispersion o f a hydrophilic molecule in an 

oily phase is achieved by providing a protective sheath of amphiphilic molecules. This 

technique allows the formulation of compounds with a wide variety o f molecular 

weights and chemical structures and thus could be a suitable delivery system for Class 3 

drugs. Several features have been implicated in the rationale behind observed 

improvements in bioavailability. These include protection fi’om the degradative effects 

o f the gastrointestinal environment, penetration enhancement and a recently proposed 

theory of blocking p-glycoprotein induced drug efflux.
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1.3.2.1 Protection from the gastrointestinal environment

Several studies have employed lipid systems to deliver water-soluble proteins. A study 

by Constantinides et al (1995) observed a 29% increase in oral bioavailability of water- 

soluble ROD peptide with low membrane permeability upon administration in a w/o 

microemulsion compared to a standard saline formulation. Silva Cunba et al (1997a) 

reported similar findings exploring w/o/w multiple emulsions for the oral delivery of 

insulin. Proposed theories on these observed effects include possible penetration 

enhancement effects and/or protection from enzymatic degradation. Protection fi'om 

acidic degradation is also possible (Palin et al, 1986).

1.3.2.2 Penetration enhancement effects

Several reports have suggested the possibility o f penetration enhancement effects by 

free fatty acids, bile salts, monoglycerides and surfactant incorporated in the 

formulation via paracellular or transcellular routes (Gibaldi and Feldman, 1970; 

Muranushi et al, 1986; Palin et al, 1986; Higaki et al, 1990; Kvietys et al, 1991; 

Anderberg et al, 1993; Aungst, 1993; Swenson et al, 1994). Muranushi et al (1986) 

investigated the effects of various lipid-bile salt mixed micelles on the absorption of 

streptomycin. Mixed micelles composed of unsaturated fatty acids, for example oleic or 

linoleic acid, markedly enhanced streptomycin absorption in the large intestine. 

However, saturated fatty acids lauric and myristic acids marginally increased 

absorption, while triolein, diolein and oleyl alcohol exhibited no measurable effect. 

These results were ascribed to reversible changes in mucosal permeability. Palin et al 

(1986) investigated the effect o f arachis oil and miglyol oil on the absorption of a water- 

soluble compound, cefoxitin. Digestion o f these oils resulted in saturated medium chain 

and unsaturated long-chain fatty acids respectively. The migylol preparation 

significantly improved drug absorption compared to the arachis oil formulation. Further 

studies on the effects of a range o f fatty acids revealed that saturated fatty acids 

regardless o f chain length increased drug absorption whereas unsaturated fatty acids had 

no significant effect. Following incubation, radiolabelled lauric acid C 12 was found to 

be incorporated into the intestinal membrane. Possible explanations include replacement 

o f phospholipid groups in the membrane thus creating ‘space’ for drug permeation.
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Another possible explanation includes solubilisation o f lipophilic membrane 

constituents such as cholesterol. Nevertheless reported increases in drug absorption 

were ascribed to transient effects on membrane fluidity. Kvietys et al (1991) noted 

transient effects on the jejunal mucosa when exposed to postprandial concentrations of 

sodium taurocholate and oleic acid. An increase in EDTA permeability (membrane 

transport marker) was reported on exposure to a bile salt/oleic acid emulsion. Damage 

was reported at the epithelial lining o f the villous tips (cell sloughing). However 

complete recovery occurred (return to pre-treatment EDTA permeability) 50 minutes 

after resumption of saline perfusion. These results suggest that reversible epithelial 

damage occurs during the normal course o f food digestion and perhaps the extent and 

reversibility o f damage sustained on administration o f lipid dosage forms could be 

responsible for reported increases in drug absorption.

1.3.2.2 P- Glycoprotein efflux proteins

Recent work has led to the discovery o f counter transport efflux proteins known as P- 

Glycoproteins which expel specific drugs back into the lumen of the gastrointestinal 

tract after absorption has taken place (Benet et al, 1996). Identification o f these proteins 

has led to many investigations to identify drug substrates for this route and subsequent 

studies to inhibit this mechanism (Wu et al, 1995; Thummel et al, 1996). Several 

studies have examined the effect o f lipid derivatives to inhibit these counter transport 

mechanisms (Nerurkar et al, 1996; Abulrob et al, 1999). Nerurkar et al (1996) studied 

the inhibitory properties of commonly used surfactants, Cremophor EL and Polysorbate 

80 to enhance the permeability o f peptides in CaCo-2 cell cultures. Permeability 

coefficients increased from 3.75E-6 to 10.29E-6 in the presence o f 0.1% Cremophor EL 

indicating that the efflux mechanism can be blocked by the actions o f the surfactant.
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L4 Background to the Study

Chemical and physical approaches for poorly soluble compounds have included 

chemical modification to produce a more soluble pro-drug, salt or polymorphic form, 

and particle size reduction to facilitate dissolution. In addition, formulation strategies 

include solid dispersions (Chiou and Riegelman, 1971), cyclodextrin complexes 

(Gerloczy et al, 1996; Valuev et al, 1996), co-solvents and surfactants formulations 

(Nystrom and Saers, 1996) and a variety o f lipid based delivery systems (Tarr and 

Yalkowsky, 1989; Kim et al, 1996; Laforet et al, 1996).

In a previous study, the self-emulsifying properties o f polyglycolysed glyceride oils in 

combination with Tween 20, a non-ionic surfactant have been investigated (Craig et al, 

1995a). Self-emulsifying drug delivery systems or their acronym (SEDDS) are a class 

of emulsions that have received particular attention as a means o f enhancing oral 

bioavailability of poorly soluble drugs (Lin et al, 1991; Charman et al, 1992; Shah et al, 

1994). These systems are essentially mixtures of oil and surfactant (sometimes with 

added co-surfactant), which form a fine emulsion on mixing with water with minimum 

energy input (Groves and DeGalindez, 1976). Craig et al, (1995a) found that the self- 

emulsifying behaviour was shown to be dependent on the polarity o f the oils, with 

hydrophilic oils displaying the clearest tendency to self-emulsify forming o/w 

emulsions. Surprisingly, w/o/w multiple structures were observed for hydrophobic oils 

in addition to simple o/w droplets. Despite these oils displaying poor self-emulsifying 

properties multiple droplet formation occurred in the absence o f applied mechanical 

agitation. In both cases the occurrence o f “spontaneously” forming droplets, whether 

predominantly o/w or w/o/w, opens up the possibility o f producing the droplets in vivo. 

This would simplify current manufacturing processes and eliminate the need for long

term stability associated with conventional emulsions. Incorporating the drug in an 

oil/surfactant mix in a soft gelatin capsule would produce a precise and convenient 

delivery system. On ingestion, the vehicle would rapidly self-emulsify in the aqueous 

contents o f the stomach to form a fine and reproducible emulsion. Self-emulsifying 

multiple emulsions generally produce larger droplets whereas self-emulsifying o/w 

emulsions produce droplets less than 5 pm. Self-emulsifying o/w emulsions by virtue of
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their small size, increase the interfacial area for drug partitioning and minimise irritation 

caused by prolonged contact of bulk dosage forms (Pouton, 1985a; Charman et al, 1992; 

Shah et al, 1994). Reported improvements in oral bioavailability would allow a 

reduction in administered dose thus minimising dose dependent side effects and reduce 

drug costs (Sahm et al, 1996). In addition, fewer excipients and formulation steps are 

needed for this technology. Safety issues concerning the formulation of low dose actives 

such as content uniformity and dust contamination are reduced with liquid fill 

technology. The properties and applications o f these two distinct types o f emulsions will 

be discussed in the next section.

L 5 Oil/Water Self-Emulsifying Drug Delivery Systems

1.5.1 Definition and development o f SEDDS

Self-Emulsifying Drug Delivery Systems are defined as isotropic mixtures of oil and 

surfactant that rapidly emulsify on mixing with water under conditions of gentle 

agitation (Groves and DeGalindez, 1976). The question as to whether these emulsions 

form truly spontaneously in the thermodynamic sense is a matter o f some conjecture. 

Similarly, while microemulsions have been classified as clear stable emulsions, the term 

SEDDS has been applied to a wide range o f systems to describe systems which readily 

mix with water, show reasonable short term stability, though may not necessarily be 

either clear or stable.

The development of SEDDS may be traced back to the Pesticide Industry. Many 

commonly used herbicides have low water-solubility, which prevent their formulation 

as concentrated aqueous solutions essential for easy transportation. The herbicides were 

therefore dissolved in organic solvents containing surfactants to produce self- 

emulsifying systems which could be dispersed easily in local water prior to crop 

spraying (Eaton, 1962; Hartley, 1967). Groves et al (1974a, 1974b and 1976) initially 

developed the concept of using such systems for pharmaceutical purposes. Since then, 

extensive research has been carried out into the potential o f these systems as drug
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delivery systems for poorly soluble compounds which exhibit dissolution rate limiting 

absorption (Lin et al, 1991; Shah et al, 1994; Sahm et al, 1996).

7.5.2 Drug absorption from SEDDS

There have been numerous reports outlining improvements in bioavailability when 

drugs are administered in SEDD formulations compared to conventional dosage forms. 

Shah et al (1994) studied the bioavailability o f Ro 15-0778, a highly lipophilic 

napthalene derivative, demonstrating a four-fold increase in bioavailability for the 

SEDD formulation compared to that o f a PEG 400 solution and a twenty-fold increase 

in bioavailability compared to a standard tablet formulation (Figure 1.6). Drug 

precipitation upon dilution of the PEG formulation could be responsible for its poor 

performance.

Figure 1.6 Mean plasma concentration o f Ro 15-0778 after oral administration of four 
different formulations SEDDS (•), PEG 400 (r), wet milled spray dried powder 
capsule (a )  and micronised tablet in non-fasted dogs (reproduced from 
Shah et al, 1994)
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Lin et al (1991) examined the oral absorption o f a potent CCKb receptor antagonist, L- 

365,260 for potential clinical use in treating anxiety/panic disorders. Maximum plasma 

concentrations Cmax and bioavailability values were seven to eight times higher for self- 

emulsifying and PEG 600 formulations than tablet and methylcellulose suspensions. No 

significant difference was reported between the self-emulsifying and PEG 600 

preparation. In this case, presenting the drug in solution was the principal factor 

responsible for improvements in drug absorption.

In a similar study, Charman et al (1992) compared the absorption profiles of WIN 

54954, a poorly water-soluble drug in PEG 600 and SEDDS (40% Neobee M5 oil/25% 

Tagat TO/30% WIN 54954). No significant difference in mean bioavailability was seen 

between the two systems, although greater reproducibility o f the plasma profile was 

noted for the SEDDS. Dilution of the PEG formulation and subsequent drug 

precipitation (which would then be subject to the dissolution process) could explain the 

erratic absorption behaviour.

Sahm et al (1996) examined the role o f a SEDDS for the delivery o f a potent oestrone 

sulphatase inhibitor for potential use in the treatment o f endocrine-dependant breast 

cancer. Oestrone 3-0-Sulphamate is a hydrophobic drug (log P 3.32) which displays 

very low aqueous solubility and therefore has potential bioavailability problems 

associated with solid dosage forms. An oral SEDDS formulation was compared to an 

intravenous preparation. Similar plasma levels were recorded for both preparations with 

>99% activity after 30 minutes of dosing. Preliminary studies revealed a linear dose- 

response relationship indicating possible elimination o f dissolution rate limited 

absorption.

The ‘flagship’ product. Sandimmune®, which initially generated much interest in 

SEDDS, forms a crude oil/water emulsion on gentle mixing with water. Problems with 

inter and intra-individual variability led to the development of a self-emulsifying 

microemulsion formulation. Sandimmune Neoral®. A two-fold increase in oral 

bioavailability and a reduction in variability were reported for the Neoral® formulation 

when administered to healthy human volunteers (Mueller et al, 1994b; Kovarik et al, 

1994). These results were ascribed to a more uniform finely dispersed emulsion. As 

reported with other emulsion systems, clinical absorption profiles independent o f the
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effects o f food have been observed with SEDDS. Matusewska et al (1996) studied the 

effects o f food on a methylcellulose/surfactant suspension and a medium chain 

triglyceride SEDDS. While a three-fold increase in the area under the concentration

time curve, AUC was noted for the suspension formulation under fed conditions, no 

significant difference was observed for the SEDDS. Nevertheless in fed state conditions 

an eight-fold increase in bioavailability was noted for the SEDDS compared to the 

suspension. These results suggest that SEDDS enhance drug absorption other than 

through a simple food effect.

1,6 Multiple Emulsions as Drug Delivery Carriers

1.6.1 Definition, nomenclature and development

Multiple emulsions are complex emulsion systems in which the disperse phase contains 

droplets of the external phase. Multiple emulsions can be classified into two basic types 

depending on the nature of the internal and external phases. If oil drops o f an oil-in- 

water (o/w) emulsion contain water droplets, a water-in-oil-in-water (w/o/w) multiple 

emulsion is produced. Conversely, if  the water phase o f a water-in-oil (w/o) emulsion 

droplet contains oil droplets an oil-in-water-in-oil (o/w/o) multiple emulsion is 

produced. A schematic and photomicrograph o f a w/o/w multiple emulsion is presented 

in Figures 1.7a and 1.7b.

In the case o f a w/o/w system the two aqueous phases (internal and external) can be 

identical and therefore denoted as wi/o/wi. A wi/o/wi emulsion is a two-component, 

second-order emulsion, whereas an emulsion formulated using two non-identical 

aqueous phases, w^/o/w], is a three-component second-order emulsion (simple 

emulsions being first order emulsions). Thus, depending on the preparation conditions, 

these systems may take several complex forms. Although many studies have been 

performed on the various types of multiple emulsions, wi/o/wi type multiple emulsions 

will form the primary focus o f this work.
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Figure 1.7a A schematic representation o f a w/o/w multiple emulsion

Oil droplet

Internal 
aqueous phase

External aqueous 
phase

Figure 1.7b A photomicrograph o f a w/o/w multiple emulsion using 90% Labrafac 
Lipophile WL 1349/10% Tween 80 in distilled water (the bar represent 25pm  
 ;

i0
%
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Multiple emulsions have been known for approximately 100 years but have not been 

specifically studied until the last 20 years. Boys (1890) first observed that mixtures of 

petrolatum, water and otoluidine produced a multiple emulsion. However, it was Siefnz 

(1925) who first published photomicrographs and officially documented their existence. 

The concept o f using such systems for pharmaceutical purposes was initially developed 

by Herbert (1965), who attempted to utilise these systems as a form o f antigen adjuvent, 

successfully extending the antibody titre and response time to ovalbumin. Since then 

explorations have spanned various fields including chemical engineering (Cahn, 1974; 

1976), food technology (Matsumoto and Kohda, 1979), cosmetics (Fox, 1991; Tadro et 

al, 1995; Laugel et al, 1996a; 1996b; Jager-Lezer et al, 1996) and the Pharmaceutical 

Industry (Omotosho et al, 1990; Rambhau et al, 1992; Vaziri and Warburton, 1994a; 

Khopade et al, 1996; Farah et al, 1994).

1.6.2 Pharmaceutical applications o f  multiple emulsion systems

The diversity o f potential applications stems from several attractive and unique 

properties. These emulsion systems offer a high capacity o f entrapment and thus in 

pharmaceutical terms a high dose volume. Protection is offered both to the encapsulated 

species from the external environment (useful for the delivery o f peptide and labile 

drugs) and to the environment from irritant or toxic effects o f the encapsulated species 

(Omotosho et al, 1990; Matsuzawa et al, 1995; Laugel et al, 1996a; Silva Cunha et al, 

1997a; 1997b). In addition, due to the structure o f these systems, two incompatible 

species can be formulated into a single system (Fox, 1991; Laugel et al, 1996b). 

Furthermore, activity o f the encapsulated species can be prolonged, holding promise for 

sustained drug delivery. These systems can therefore be applied to a variety of 

pharmaceutical applications. In particular w/o/w multiple emulsions can be utilised in 

the delivery of compounds with poor mucosal permeability (Biopharmaceutical 

Classification Scheme Class 3).

The most promising areas of pharmaceutical interest include oral peptide delivery 

(Matsuzawa et al, 1995; Okochi and Masakiro, 1996; Silva Cunha et al, 1997a; 1997b), 

lymphatic targeting (Omotosho et al, 1990; Kim et al, 1995) and sustained drug delivery 

(Miyakawa et al, 1993; Sela et al, 1995; Nakhare and Vyas, 1995; 1996). Other
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pharmaceutical applications include taste masking of unpalatable drugs (Rambhau et al, 

1992; Vaziri and Warburton, 1994a), production of biodegradable microspheres 

(Herrmann and Bodmeier, 1950; Uchida et al, 1995; O’Donnell and McGinity, 1996), 

carriers for drug targeting, adjuvants in vaccines (Herbert, 1965; Engel et al, 1968) and 

in the treatment of drug overdose (Chaing et al, 1978).

Orally delivered peptides are not only subject to enzymatic degradation but are plagued 

by poor mucosal permeability. This has been attributed to the large structure of these 

complex proteins (high molecular weight) and its often low lipophilic properties (BCS 

Class 3). W/o/w multiple emulsions have been shown to enhance the oral bioavailability 

of several peptides. Silva Cunha et al (1997a) observed a small amount of biologically 

active insulin was absorbed from an oral w/o/w multiple emulsion. Figure 1.8 displays 

the glycémie response to various formulations.

Figure 1.8 Glycémie response in diabetic rats upon administration o f  subcutaneous insulin 
solution (o), oral insulin solution ( 0), ESH-soyabean oil multiple emulsion (a ) 
and ETCH-medium chain triglyceride multiple emulsion (reproduced from  
Silva Cunha et al, 1997a)
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ESH and ETCM represent multiple emulsions composed o f soyabean oil and medium 

chain trigylcerides respectively. No change in percentage glycemia was observed upon 

oral delivery of an insulin solution. Subcutaneous insulin was administered as a control. 

Both multiple emulsion formulations to some extent lowered blood glucose levels 

indicating a potential for oral peptide delivery. The mechanism by which this response 

is elicited is unknown, i.e. it is not clear to what extent the response was due to 

proteolytic protection or as a consequence o f penetration effects of the oily delivery 

vehicle.

Preferential lymphatic uptake has also been observed with multiple emulsion delivery. 

Omotosho et al (1990) investigated the lymphatic uptake o f a cytotoxic agent 5- 

fluorouracil from a w/o/w multiple emulsion formulation. Delivery to the regional 

lymph nodes is necessary for the prevention o f metastasis and treatment o f malignant 

lymphoma. Enhanced plasma levels and lymphatic accumulation were noted upon oral 

administration of the multiple emulsion formulation. A delay in the peak plasma 

concentration compared to an equivalent solution formulation was also observed, 

implying a slower absorption rate and thus a potential for sustained release preparations.

Many workers have studied multiple emulsion formulations in an effort to deliver oral 

sustained treatment for tuberculosis (Nakhare and Vyas, 1995), rheumatic and arthritic 

conditions (Nakhare and Vyas, 1996), and malaria (Vaziri and Warburton, 1994a). 

Conventional dosage forms require frequent administration which is inconvenient and 

results in poor compliance. In addition, certain disease states require prolonged drug 

delivery to maintain symptom control and minimise “breakthrough”.

Nakhare and Vyas (1996) compared the in vivo release profiles o f diclofenac sodium 

solution and two multiple emulsion systems stabilised by different interfacial complex 

films. Figure 1.9 represents the blood plasma profile upon intramuscular administration 

to male albino rats. DIMS and DGIMS represent multiple emulsions stabilised using 

different surfactants. DIMS was stabilised with non-ionic emulsifiers. Span 60 and 

Tween 80, whereas DGIMS was additionally stabilised with macromolecules forming a 

rigid and robust interface. Minimum changes in droplet size, phase separation and 

prolonged drug entrapment were reported for DGIMS formulations indicating a more 

stable emulsion. These differences in stability were reflected in the in vivo studies
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whereby administration o f DGIMS produced an extensive and prolonged plasma 

profile. Nevertheless, both DIMS and DGIMS multiple emulsions sustained plasma 

drug levels to a greater extent than an equivalent solution formulation. These results 

suggest that a sustained release preparation o f diclofenac sodium in a w/o/w multiple 

emulsion could be successfully formulated.

Figure 1.9 A plasma concentration-time curve for diclofenac sodium after administration 
to male albino rats; an aqueous drug solution (0), DIMS w/o/w formulation (A) 
and DGIMS w/o/w formulation (c  ̂ (reproduced from Nakhare and Vyas, 1996)

lOOO-

8 0 0

o 400.

VJ

Time { Hours }

Considerable efforts have also been directed towards the development o f emulsions as 

parenteral delivery systems. Multiple emulsions form suitable vehicles for lipid soluble 

and water-soluble materials and can provide sustained drug release. Furthermore these 

systems are less painful to inject than traditional viscous w/o formulations (Herbert, 

1965). Omotosho et al (1989a) examined the potential o f w/o/w emulsions for 

prolonged parenteral absorption o f 5-fluorouracil in rats. In vivo studies of 

intramuscularly administered 5-fluorouracil formulated in an aqueous solution, w/o and 

w/o/w emulsion showed both emulsion systems significantly sustained drug release.
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In some disciplines, certain multiple emulsions have been termed liquid membrane 

systems. The oil layer between the two aqueous phases in a w/o/w system is considered 

as a semi-permeable film. These systems have been used to separate hydrocarbon oils 

(Cahn, 1976), toxic materials from industrial effluent (Cahn, 1974), and medicinally in 

the treatment of drug overdose (Chaing et al, 1978). In this latter use various methods 

for drug entrapment have been employed, including plasma proteins, specific drug 

antibodies, charcoal, and acid/base (pH) control. For example, in vitro studies 

performed by Chiang et al (1978) reported 90% pentobarbital was removed from the 

donor solution. Orally administered acidic drugs, such as aspirin or barbiturates, exist in 

an unionised form in the acidic environment o f the stomach. This unionised drug then 

diffuses across the oil membrane but ionises on arrival at the basic inner aqueous phase 

o f the multiple emulsion and is thus isolated.

1.6.3 Formation and manufacture o f multiple emulsions

Three methods of J o n n a t i ^  have been cited in the literature for the formation of 

multiple emulsions, namely phase inversion, one-step and two-step émulsification. The 

earliest noted incidence of multiple droplets by Seifiiz (1925) observed the formation of 

both w/o/w and o/w/o type emulsions during phase inversion. These systems persisted 

on standing and vigorous shaking. It was suggested that these systems were obtained 

when one liquid was chemically impure or the surfactant was not evenly distributed. 

The production of multiple emulsions by phase inversion can be induced by increasing 

the phase volume or raising the temperature to the phase inversion temperature, PIT 

(Matsumoto, 1983; Matsumoto et al, 1985; Garti and Aserin, 1996). Garti and Aserin 

(1996) noticed multiple droplets on heat treating a w/o emulsion until at a specific 

temperature and surfactant HLB partial phase inversion occurred, producing a w/o/w 

multiple emulsion. Multiple emulsion formation has also been reported when strong 

mechanical agitation is applied to a water phase containing a hydrophilic surfactant and 

an oil phase containing large amounts o f hydrophobic surfactant. However, phase 

inversion and one-step émulsification have not been adapted as the principal method of 

manufacture as doubts have been cast on reproducibility, degree o f multiplicity and 

stability (Florence and Whitehill, 1982a; Garti and Aserin, 1996).
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The most reliable and reproducible method o f manufacture involves the re- 

emulsification o f a primary emulsion by a two-step technique. A schematic 

representation o f the two-step process is presented in Figure 1.10. From referring to the 

structure it is not unreasonable to expect that two surfactants would be required to 

produce a stable emulsion. A low HLB surfactant is necessary to stabilise the inner w/o 

interface, whereas a high HLB surfactant would be required to stabilise the outer o/w 

interface. The first step involves the production o f an ordinary w/o emulsion under 

conditions o f high shear. Any drug, solute or marker would be added to this aqueous 

phase together with the primary low HLB surfactant. The primary emulsion is then 

further emulsified in a second step under low shear to produce the final w/o/w multiple 

emulsion. The bulk aqueous phase in the second step contains a hydrophilic surfactant. 

In the case o f an o/w/o production, the primary emulsion is an o/w emulsion with a 

hydrophilic surfactant which is re-emulsified in an oily bulk phase containing a 

lipophilic surfactant. The second émulsification step is critical since failure in many 

parameters such as the method of agitation, rate o f shear and temperature can lead to 

destruction of the delicate multiple droplet structure. This technique is sensitive to 

manufacturing conditions such as operating temperature, mixing methods and speed of 

agitation and industrial scale up (Matsumoto et al, 1976; Magdassi et al, 1984; Prybilski 

et al, 1991; Gohla and Nielsen, 1995). In addition, since multiple droplets cannot be 

sterilised by standard procedures such as heat treatment or filtration (the required pore 

size would be too large to remove bacteria) aseptic techniques would have to be applied. 

Despite this technique providing a reproducible method o f manufacture, industrial 

scale-up and delicacy during formation limits industrial application.
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Figure 1.10 A schematic diagram o f a two-step émulsification process
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L 7 Aims and Objectives

The aim o f this study is to investigate the self-emulsifying characteristics o f a range of 

Labrafil oil/non-ionic surfactant mixes, identifying the properties that determine 

emulsion characteristics and to examine the potential o f self-emulsifying w/o/w and o/w 

systems as drug delivery carriers. The following investigations will be performed

♦ To determine the conditions required for the formation o f simple and/or multiple 

emulsions. This study will involve examining the effect o f glyceride chain length, 

PEG estérification, and surfactant concentration. The assessment o f self- 

emulsifying properties will be determined using visual characterisation techniques, 

microscopic analysis of droplet structure and particle size analysis.

♦ An investigation of the mechanisms responsible for self-emulsification will be 

attempted. Analysis of those conditions necessary to produce good self- 

emulsifying systems could suggest a possible explanation for self-emulsification. 

Identifying the presence and role o f liquid crystal formation and other features 

previously reported to be associated with spontaneous émulsification at the 

interface. Noting the effect of surfactant location and its role in the solubilising of 

external water to form multiple droplets and its affect on phase inversion will also 

be studied.

♦ The stability o f multiple and simple emulsions will be studied. Particle size 

determinations, microscopic analysis and evidence o f phase separation and 

cracking will be carried out over a period o f time.

♦ The formation of self-emulsifying systems under conditions experienced in the 

gastrointestinal tract will be studied. The effects o f pH and ionic strength will be 

investigated on self-emulsifying properties, particle size and multiple emulsion 

formation.
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♦ An investigation o f the in vitro digestion of o/w SEDDS in simulated intestinal 

conditions will be performed. Examining the effect o f surfactant concentration, 

PEG groups and triglyceride chain length will be carried out.

♦ Solubilisation capacity o f two model poorly soluble compounds in triglyceride 

/surfactant mixes to determine dose loading capacities will be studied.
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2. MATERIALS AND EXPERIMENTAL

TECHNIQUES

2.1 Lipid and Surfactant Materials

2.1.1 Lipid materials

A wide range of oils have been studied either as model systems or as potential vehicles 

for dosage forms; the lise of such oils has recently been reviewed by Constantinides 

(1995). The availability, toxicity and pharmacological action and interbatch variation 

are important considerations when choosing oils for drug delivery. In this study, a 

family of Labrafil oils obtained from a vegetable source (Gattefossé, St Priest, France) 

was employed. Vegetable oils and their derivatives are commonly used as they are 

already present in food substances and are thus unlikely to cause acute or chronic 

toxicity problems. Toxicity studies obtained from the supplier have reported LD 50 

values not greater than 20g/kg (dose required for 50% death in the chosen animal study) 

implying low oral toxicity profiles (Gattefossé specifications sheet). In addition, many 

o f these oils have been granted regulatory status for oral drug delivery.

Labrafils are composed of defined mixtures of triglyceride alone or are reacted with 

polyethylene glycol (PEG) of defined chain length to form triglyceride fatty acid esters. 

PEG esterified oils contain specific mixtures o f mono, di and triglycerides and 

polyethylene glycol mono and diesters. The chemical diversity o f PEG esterified lipids 

affords a number o f different functions. Mono and diesters o f PEG have been reported 

to act as surfactant molecules, whereas monoglycerides exhibit co-surfactant properties. 

The remaining di and triglycerides constitute the oily phase.
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Labrafil oils with differing fatty acid chain lengths, PEG groups and degree of 

unsaturation were investigated. Table 2.1 displays the physicochemical properties and 

composition o f the oils employed. Structural features o f the four main fatty acid 

components are displayed in Figure 2.1. The types o f fatty acids present are strictly 

defined in percent bands for each oil. Although batch to batch variation is still possible 

the extent to which this occurs is limited. For this study all samples o f a particular oil 

were obtained from the same batch.

The hydrophilicity o f an oil can be described by the hydrophile/lipophile balance (HLB) 

number. This value describes the balance between the hydrophobic and hydrophilic 

portions o f the molecule. A lower HLB number indicates a more lipophilic substance 

and a higher value a more hydrophilic substance. This parameter is therefore governed 

by the degree o f unsaturated carbon bonds, the fatty acid chain length and the size of the 

PEG group. Labrafil oils with a high percentage o f unsaturated fatty acids or medium 

fatty acid chain lengths (C8  to CIO) with large PEG groups (PEG 200 o f PEG 400) are 

likely to possess greater hydrophilic character.

To date the primary role of these oils has been as surfactant components due to their 

resemblance to amphiphilic non-ionic surfactant molecules (Shah et al, 1994; Challis, 

1991). In addition, as the mono and diglycerides constituents act as co-solvents, the 

percentage o f non-ionic surfactant required for self-emulsification is reduced 

(Bachynsky et al, 1997). These lipid systems can also be used as the primary lipid 

component and have been reported to form excellent self-emulsifying systems (Craig et 

al, 1995a). The effects of different polyethylene glycol groups, fatty acid chain lengths 

and degree of unsaturation were therefore examined. Throughout this investigation the 

triglyceride lipid will be identified with the fatty acid chain length (medium chain 

triglyceride; MCT or long chain triglyceride; LCT) and the size o f the PEG group. 

Reference will also be made to the HLB value and water-solubility where appropriate.
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Table 2.1 Physicochemical properties and main fatty acid composition of Labrafil oils 
(obtained from Gattefossé specification sheets)

Oil (mwt) Main Fatty acid % PEG

Group

HLB Water

Solubility

20°C

Viscosity

2 0 * 0

m.Pa.s

Labrasol

(430)

Caprylic (C8 ) 50-80% 

Capric (CIO) 20-50%

PEG

400

14 Soluble 80-110

Labrafac CM 

10 (440)

Caprylic (C8 ) 50% 

Capric (CIO) 50%

PEG

2 0 0

10 Dispersible 20-90

Labrafil WL 

2609 BS (850)

Oleic (018:1)24-34% 

Linoleic (C18:2) 53-63%

PEG

400

6 Dispersible 80-120

Labrafil M 

1944 CS (530)

Oleic (018:1)58-68% 

Linoleic (018:2) 22-32%

PEG

8

4 Dispersible 75-95

Labrafil M 

2125 CS (682)

Oleic (018:1)24-34% 

Linoleic (018:2)53-63%

PEG

6

4 Dispersible 70-90

Labrafac 

Lipophile WL 

1349 (504)

Caprylic (08) 50-80% 

Capric (CIO) 20-50%

- 1 Insoluble 25-35
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Figure 2.1 Structural features of A: caprylic acid (C8), B: capric acid (CIO), C: Oleic acid 
(Cl 8:1) and D: Linoleic acid (Cl 8:2)
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D

(CH2)6C00H 
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2.1.2 Surfactants materials

The pharmaceutical acceptability and low toxicity o f many non-ionic surfactants renders 

this particular class of emulgent a suitable choice (Swenson and Curatolo, 1992; 

Swenson et al, 1994; Attwood and Florence, 1983). Attwood and Florence (1983) have 

provided a review o f the toxic effects caused by both ionic and non-ionic surfactants. 

Surfactant interactions with proteins, in particular enzymes, and biological membranes 

are thought to be the main toxicological issues. Since the majority o f enzyme binding 

sites are ionic in nature, ionic surfactants are likely to display a stronger interaction than 

non-ionic surfactant. Non-ionic surfactants are therefore the preferred choice in a 

pharmaceutical formulation.

Non-ionic surfactants polyoxyethylene sorbitan mono-oleate. Tween 80 (HLB 15) and 

polyoxyethylene sorbitan monolaurate. Tween 20 (HLB 16.7) were used as obtained 

(ICI Buckinghamshire, England). Tween 80 and Tween 20 have LD 50 values of 25g/kg
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and 37g/kg respectively and are therefore considered relatively non-toxic. 

Pharmaceutical regulatory status has been obtained for these particular surfactants. They 

belong to the polysorbate group of non-ionic surfactants and are based on partial fatty 

acid esters o f sorbitol and its mono and dianhydrides combined with 20 moles of 

ethylene oxide. The basic structure is outlined in Figure 2.2 where R represents the 

appropriate alkyl chain group of fatty acid and w + x + y + z is 20. Tween 80 and 

Tween 20 are hydrophilic in nature and are usually employed to stabilise o/w 

emulsions. They are also act as solubilising agents for lipids and lipid soluble vitamins 

and as wetting agents in solid dosage forms. Previous studies investigating the effect of 

surfactant type on the self-emulsifying behaviour have found that ester type surfactants 

such as Tween 85 and Tagat TO exhibits superior self-emulsifying properties 

(Wakerly, 1986a). Consequently, Tween 80 and Tween 20, both hydrophilic surfactants 

were used in this study.

Figure 2.2 Structural basis of polysorbate non-ionic surfactants, where R is an alkyl chain

pH2------------------------------------

H — C — O (CH] — CH] — O) w H

H(OCH2-CH2)x O - C - H  

H -  C -

H -  C - 0 ( C H 2 - C H 2 -  0 ) y H  
I
CH2 -  O (C H 2 - CH 2 -  O) z o c  -  r
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2.2 Experimental Techniques

Several methods to assess particle size and structure were used as common techniques 

throughout this study. Detailed reviews of the principles o f operation and specific 

experimental concerns have been detailed below.

2.2.1 Microscopic analysis

Contrast techniques were employed to differentiate the emulsion droplets from the bulk 

phase water. This was particularly useful to provide information on the internal 

structural arrangement o f multiple droplets and to detect the presence o f very small 

simple o/w droplets. Contrast is the degree to which the object is separated from its 

background as a result o f differences in brightness or colour. Contrast is achieved by the 

interaction o f light with the specimen resulting in changes in brightness or colour. 

Examples o f these interactions include refraction, absorption, diffraction and 

interference. If a photon o f light is considered to be an oscillating transverse wave, the 

brightness is dependent on the amplitude or height of the wave while the colour is 

dependent on the wavelength of light. Several techniques have been used to change the 

amplitude and/or the wavelength o f light to obtain sufficient contrast.

2.2.1.1 Differential interference contrast microscopy

A Differential Interference Contrast microscope, the Olympus BX 50 was employed 

with a Nikon-F-60 IM 35mm camera. Differential interference contrast is a technique 

used to enhance the contrast o f an image by changing the amplitude and thus the 

brightness o f the specimen as a result o f two interfering beams. Two beams derived 

from a single source (thus coherent) interfere if a phase lag between the two rays occurs. 

A change in phase is achieved as the two beams pass through two points in the 

specimen o f different refractive index. Depending on the refractive index the light 

travels at different velocities. For the interference pattern to produce a difference in the
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amplitude o f light the phase difference needs to be half a wavelength out o f phase as 

shown in Figure 2.3a. Some specimens produce a quarter o f a wavelength difference, 

which is not sufficient to produce an amplitude difference as illustrated in Figure 2,3b.

The contrast is described as differential as it is a function o f the rate of change of the 

optical path across the object (which is dependent o f the phase lag between the two 

beams). Differences in gradient result from gradients in refractive index and/or 

thickness. A schematic diagram of the optical pathway and instrument set up is shown 

in Figure 2.4. The differential interference contrast microscope contains a beam splitter 

and a beam combiner. This is achieved by a device known as a Wollaston prism. Plane 

polarised light illuminating the sample passes through the first Woolaston prism, which 

splits the beam into two (each pair o f beams travel parallel to each other and are 

separated by a small distance x). After passing through the specimen and objective lens, 

a second wollaston prism will combine the two beams. Thereafter the beam passes 

through a second polar (crossed with the first) where interference occurs. The optical 

path between members o f a pair o f beams can be altered by adjusting the position of the 

second Wollaston prism which can alter the velocity of one beam relative to the other. 

In total this method creates a half a wavelength difference between the two light beams 

to allow constructive and destructive interference. This results in an amplitude change 

visible to the naked eye, thereby improving contrast. This technique was found to be 

particularly useful when examining the structural features o f internal multiple droplets. 

Differential interference contrast could also be used to create a dark field. In this case 

the specimen can be seen as a bright image against a dark background. This technique 

was extensively used to provide sufficient contrast for very small o/w droplets.
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Figure 2.3a The red and blue beams represent two beams passing through two points in the 
sample o f  different refractive index causing them to be half a wavelength out o f 
phase. The residtant beam (shown as a black dashed line) is the sum o f the two 
sample beams and has a lower amplitude than one o f the sample beams

+

Figure 2.3b The red and blue beams represent two beams passing through two points in the 
sample o f  different refractive index causing them to be a quarter o f  a 
wavelength out o f  phase. The resultant beam (shown as a black dashed line) is 
the sum o f the two sample beams, however does not display a significant 
change the amplitude o f the wave

Va X

+
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Figure 2.4 A schematic diagram o f the set up fo r  a differential interference contrast 
microscope (the width o f  x has been exaggerated in this diagram -  in reality it 
represents a distance which is unable to be resolved by the eye)
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2.2.1.2 Fluorescent microscopy

Fluorescent microscopy was also used as a technique to impart greater contrast to obtain 

detailed information on multiple droplet structures. Under normal light conditions 

smaller oil droplets passing beneath larger oil droplets could be mistaken for multiple 

emulsion droplets. Fluorescent dyes were used to stain water-soluble components of the 

multiple system in combination with oil-soluble non-fluorescent dyes. When ultraviolet 

light is passed through the specimen a photon of light is absorbed by an atom. As a 

result, an electron within the fluorescent dye is excited from the lowest energy level to a 

higher energy level. As this is not a stable situation the electron returns to the ground 

state after a very short time. On assuming its natural energy level, photons of a given 

wavelength are emitted which are observed as a glow under the microscope. The 

emitted radiation has a lower amplitude and a longer wavelength than the exciting 

radiation. A specific filter is used, as fluorescent dyes require particular wavelengths of 

light for excitation. For example, fluorescein requires light of an excitation wavelength 

between 450 to SOOnm. A filter absorbing at 494 nm and emitting at 518 nm was used 

in this study. A Nikon Microphot FXA photo microscope was used for this 

investigation.

2.2.1.3 Polarised light microscopy

Polarised light microscopy can be used to detect anisotropic crystalline material and/or 

to provide contrast from two interfering beams. A|îîsatrpic\naterials have two refractive ^  

indexes perpendicular to each other. Therefore the speed of light is dependent on the 

direction it enters the material (the velocity of light passing through isotropic material is 

constant and independent of the direction of passage). When a beam of light passes 

through an anisotropic material the light is split into two rays which are plane polarised.

Plane polarised light describes light that vibrates in only one plane. The difference in 

velocity between the two beams of light (dependent on the refractive index of that 

plane) is called the birefringence. Liquid crystals are described as biréfringent material 

as they contain components of different refractive indices. In this study polarised light 

microscopy was used to identify liquid crystals at the oil/water interface and within the 

internal water phase of multiple structures.
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Crossed polars are set up, one above and one below the specimen. The second polar is 

placed with its permitted vibration perpendicular to the first polar. Thus in the absence 

o f a biréfringent material no light will be transmitted resulting in a dark field. Plane 

polarised light entering the sample can be rotated through 45° by a biréfringent 

specimen hence allowing the light to pass through the second polarising lens. In 

addition materials o f different refi-active indices slow light to different extents. This 

creates a lag in the speed of light enabling interference o f two wavefronts which 

improves contrast.

2.2.2 Particle size analysis

2.2.2.1 Laser diffraction technique using Malvern Instruments

In this investigation the size of the emulsion was measured using a Malvern Mastersizer 

S laser diffraction particle analyser. The Malvern’s operation is based on the principles 

o f the Mie theory o f light scattering. Particles scatter light in all directions and its 

intensity in any particular direction is calculated using the Mie theory. This parameter is 

dependent on two parameters: particle size and optical properties. The scattered light 

intensity is measured as a function o f the angle through which the light is diffracted, 

hence giving particle size information. This technique like many others is not a direct 

measurement of particle size. Particle size is difficult to quantify using a single number 

since shape irregularity results in several dimensions. Several workers have tried to 

overcome this problem by defining specific linear dimensions. For example, Feret’s 

diameter is ascribed to the distance between a pair o f parallel tangents in a fixed 

direction whereas Martin’s diameter is the mean chord length o f the projected particle 

perimeter. Malvern instruments use the system o f “equivalent spheres”. In this case the 

diameter of a sphere is recorded which produces the same scattering intensities as the 

measured particle. This approximates to a sphere o f equal volume. For example, a size 

quoted as 4.2pm would be the diameter o f a sphere, which has an equivalent volume to 

that o f the measured particle. Consequently, errors are introduced when particles other 

than spheres are measured. Figure 2.5 displays the components o f the Malvern 

instrument.
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Figure 2.5 A graphical display of the components of a Malvern system

sample area detector

He-Ne laser

Fourier transformanalyser beam

lens obscuration

monitor

spray nozzle

The low power helium-neon laser is a stable, high intensity, monochromatic light source 

also known as the analyser beam. The particles are usually introduced to the analyser 

beam by a sample cell except in the case o f direct spraying using aerosols. The Fourier 

transform lens also known as the receiver lens focuses the diffracted beam onto a series 

o f concentric photodetector rings, commonly referred to as the diode. The angle of 

diffracted light is related to the radius or size of the particle. Smaller particles scatter at 

high angles and larger particles at low angles as shown in Figure 2.6. Another property 

o f the lens is called the Fourier transform property. This states, the scattering patterns 

from particles of a specific size are focused onto the same angular detector irrespective 

o f the position of the particle in the laser beam. From Figure 2.6, it is also possible to 

see why there is a lower detection limit. Particles o f very small size diffract light to a 

very large angle. This light does not ‘hit’ the receiver lens and is therefore not focused 

onto the detector. In order to obtain higher resolutions at small sizes, the Mastersizer S 

adopts a reverse Fourier configuration (Figure 2.7). In this optical arrangement the order 

o f the sample cell and lens is reversed and the sample is placed in a converging beam. In 

principle the measurement is the same but the detector plane is brought closer to very 

obscure diffracting rays thus improving the lower detecting limits. This arrangement 

was used in all investigations allowing a particle size range o f 0.05-90o|im to be 

measured.
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Figure 2.6 Angles o f scatter o f particles o f different sizes

detectorFourier transform lenslarge particles scatter 

at low angles

sm all particles scatter 

at high angles undiffracted light

Figure 2.7 The optical configuration set up fo r  reverse Fourier measurements

Fourier transform lens sam ple cell detector
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For all experiments the feed rate o f sample through the cell was set to the lowest level 

necessary to for adequate flow through, to ensure minimal droplet destruction. The 

undiffracted light was aligned onto the central detector and the background 

measurement was taken with distilled water. A large number o f ‘snap shots’ typically 

between 2000-3000 sweeps were taken per measurement on an undiluted sample. All 

samples were analysed using a programmed ‘standard wet’ presentation code, since the 

optical properties o f the droplets such as the refractive index was not known. The 

residual value, which is a measure of fit between the practical measurement and 

theoretical values, was below 1% for all samples measured. This indicates that the 

chosen presentation code is suitable for comparative purposes.

2.2.2.2. Photon correlation spectroscopy

Photon correlation spectroscopy is a dynamic light scattering technique, which analyses 

changes in light intensity fluctuations initiated by Brownian motion. This method can be 

used to determine particle size primarily in the submicron size range. Brownian motion 

is the random movement of particles due to the bombardment by the solvent molecules 

that surround them. Larger particles exhibit slower Brownian motion while smaller 

particles exhibit faster motion. Small changes in Brownian motion o f particles lead to 

specific changes in light intensity fluctuations dependent on the particle size.

The velocity of movement is defined by the diffusion coefficient D, which is related to 

the hydrodynamic diameter d(H) by the Stokes-Einstein equation:

d{ H) =
ZTnjD

where:

d(H) = hydrodynamic diameter

D diffusion coefficient

k Boltzmann’s constant

T absolute temperature

1 viscosity
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The term hydrodynamic diameter is used for PCS measurements as it refers to the 

diffusion o f a particle in a fluid. Again the concept o f diameter o f equivalent spheres is 

used for this technique; the diameter o f a sphere with an equivalent diffusion coefficient 

as the particle is determined.

For particles much smaller than the wavelength o f light the Rayleigh theory best 

describes the interaction of light with matter. In this case the light scattered from a 

vertically polarised laser will be equal in all directions. Thus unlike the laser diffraction 

technique described above the light intensity is independent o f the scattering angle. 

Rayleigh described the relationship between scattered light intensity, I and particle 

diameter d, by the following equation:

I = I „ 1 6 ; t ' ‘ d ‘ ( ( n ^ - l ) / ( n ^  + 2 ) ) ^ / ( r ^ > . ‘')

where:

lo = initial light intensity

n = relative refractive index of medium/particle

r = particle radius

X = light wavelength

It is important to note that the intensity is related to the sixth power o f the particle size. 

Thus a particle o f double the size will result in a 64-fold increase in scattered intensity. 

In addition the importance of relative refractive index is evident (effective fourth power 

relationship with intensity) for the need o f a powerful laser.

As a result o f Brownian motion, fluctuations in light intensity occur which relate to the 

particle size o f the sample. For a stationary sample a classical speckle pattern would be 

observed (Figure 2.8) depicting bright and dark patches relating to constructive and 

destructive light interference respectively. However for a sample undergoing Brownian 

motion, movements in each speck are constantly occurring. With suitable optics and a 

photomultiplier the movement can be detected as a change in intensity with time. The 

rate o f intensity fluctuation depends on the particle size. It has been noted that small 

particles cause rapid changes in intensity fluctuation compared to larger particles (as 

smaller particles move faster than larger ones).
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Figure 2.8 A schematic representation of a speckle pattern
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The general set-up for a PCS instrument is displayed in Figure 2.9. Particles with 

diameters ranging from 1 to 500^|im can be measured using this technique depending 

on the properties of the sample and the available laser power. A stable collimated 

parallel beam of monochromatic wavelength (usually 633nm) He-Ne is used as the laser 

source. In order to separate the scattered light from the unscattered laser source a 

narrow beam is formed using a focusing lens. The scattered light is then detected using 

a photomultiplier where fluctuations in light intensity are converted to electrical pulses 

that are fed into a correlator. Brownian motion is dependent on the external temperature, 

thus a constant temperature vat is necessary to maintain a steady temperature. 

Convection currents associated with slight differences in temperature can also affect 

Brownian motion.
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Figure 2.9 A graphical display of a Photon Correlation Spectrometer
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Distilled water was used to make up all emulsions and is therefore classed as the 

suspending medium. The water used for the bulk medium needed to be assessed for 

cleanliness. The rate meter displayed values below 3 KCps at a 90° scattering angle, 

indicating that the carrier medium does not need to be filtered prior to the measurement. 

Values below 3 KCps imply that change in scattered light intensity by foreign particles 

is negligible.
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3. CHARACTERISATION OF 

POLYGLYCOLYSED GLYCERIDE/NON- 

IONIC SURFACTANT MIXES

3.1 Introduction

Successful SEDDS have been characterised as oil/surfactant mixes that disperse readily 

with water with little or no agitation, presenting the drug in solution in small emulsion 

droplets usually below 5pm (Charman et al, 1992). Several factors have been noted to 

affect the self-emulsifying properties, for example the nature o f the oil, surfactant and 

their relative ratio, pH of the bulk medium, the inclusion o f drug compounds and the 

temperature at which the emulsions are produced (Groves and DeGalindez, 1976; 

Pouton, 1985a; Pouton, 1985b; Wakerly et al, 1986a; Wakerly et al, 1986b; Pouton et 

al, 1987; Craig et al, 1993; 1995b; Gershanik and Shimon, 1996; Bachynsky et al, 

1997). Two key formulation components are therefore the nature o f the oil and 

surfactant phase and their ratio. Several reports have noted a particular specificity 

between these formulation variables and the self-emulsifying behaviour. Furthermore, a 

correlation between the oil/surfactant ratio, self-emulsifying behaviour and the 

formation o f a specific liquid crystal phase has led some researchers to postulate a 

possible mechanism of formation related to the ability o f the oil/surfactant mix to form 

interfacial liquid crystals (Groves and Mustafa, 1974b; Wakerly, 1989; Pouton, 1997). 

A study into the effect o f surfactant type, concentration and properties o f the oily phase 

employed could therefore allow an insight into the desirable components for a 

successful SEDDS and relate other physicochemical properties to a possible mechanism 

of formation.

Wakerly et al (1986b) examined the effect o f surfactant HLB (a measure o f the 

hydrophobic and hydrophilic moieties of the molecule) using glyceryl trioleate with 

different ethoxy units per molecule on the self-emulsifying efficiency o f Miglyol 812. 

Slight changes in ethoxy content produced profound changes in the minimum emulsion
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diameter. The smallest size was produced by the more hydrophobic surfactants (HLB 

10.5-11). The differences observed were attributed to the ability o f each system to form 

a specific lamellar liquid crystal phase.

The choice o f surfactant not only has an affect on the ability o f the system to self- 

emulsify and the droplet size, but can also affect the dissolution profile of a compound. 

Bachynsky et al (1997) investigated the effect o f surfactant type on the droplet size and 

the dissolution o f a model lipophilic drug. In this study, smaller emulsion droplets were 

reported for hydrophilic surfactant formulations (HLB>15). However, these 

formulations resulted in a reduction in drug dissolution which was attributed to drug 

entrapment in the core o f surfactant micelles preventing release. This study suggests 

that surfactants with an HLB value between 11-15 produce small droplets and complete 

dissolution within 60 minutes.

A number o f investigators have also suggested an association between the polarity of 

the oil and the émulsification properties (Groves and De Galindez, 1976; Pouton, 

1985a; Craig et al, 1995a). For example, Pouton (1985a) showed that very polar (oleic 

acid) or non-polar oils (liquid paraffin) tend to form poor emulsions independent o f the 

percentage o f Tween 85 used. Oils with intermediate polarity, Miglyol 812 and Miglyol 

840, displayed favourable emulsifying properties. However, glycerol trioleate of similar 

intermediate polarity displayed poor emulsifying properties though not as poor as liquid 

paraffin or oleic acid. Nevertheless, even for favourable oil systems the time taken for 

émulsification o f Tween 85/Miglyol 840 mixes was highly dependent on the 

oil/surfactant ratio, as shown in Figure 3.1. These results emphasise the sensitive nature 

o f the self-emulsification process to both the nature and ratio o f the various 

components.
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Figure 3.1 The self-emulsification times of Miglyol 840/Tween 85 mixtures in distilled 
water at 25 T  where (») = to, (o) = /jo, (•) = t?s, (U) = tgo represents the time 
taken to reach 50%, 75% and 90% of the final turbidity (measure o f self- 
emulsification, reproduced from Pouton, 1985a)
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3.2 Present Investigations

A simple effective formulation composed o f the minimum number o f excipients is 

thought to be the most desirable (Pouton, 1997). Several studies have successfully 

demonstrated the formation o f self-emulsifying systems composed o f a simple two- 

component system, namely triglyceride lipids and non-ionic surfactants (Pouton, 1984; 

Wakerly et al, 1987; Craig et al, 1995a). In this investigation triglyceride lipid alone and 

in combination with a non-ionic surfactant will be studied with a view to establishing 

the ideal oil or surfactant properties for a successful self-emulsifying system.

Six Labrafil oils, namely Labrasol, Labrafac CM 10, Labrafil WL 2609 BS, Labrafil M 

1944 CS, Labrafil M 2125 CS and Labrafac Lipophile WL 1349 were assessed for their 

ability to self-emulsify. These oils are composed o f different fatty acid chain lengths of
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varying degrees of unsaturation and in some cases are esterified with PEG groups of 

different sizes. Non-ionic surfactant, polyoxyethylene sorbitan monooleate (Tween 80) 

was chosen to assess the effect o f oil/surfactant ratio on the self-emulsifying behaviour. 

The effect o f surfactant concentration using Tween 80 was investigated for all Labrafil 

oils. The effect o f the choice o f surfactant was investigated by comparing the results 

obtained for Labrafi 1/Tween 80 mixes to Labrafil/Tween 20 formulations for the 

following Labrafil oils: Labrafac CM 10, Labrafil WL 2609 BS, Labrafil M 1944 CS 

and Labrafac Lipophile WL 1349. Again the effect o f surfactant concentration and ratio 

was examined with Tween 20 for these four oils. The following techniques were 

employed to assess the self-emulsifying behaviour and the emulsion character for the 

above studies:

1. Visual observations, a simple yet effective technique was used to assess the self- 

emulsifying properties in terms o f the ease o f dispersion and emulsion 

formation. The time taken for emulsion formation to begin was taken as an 

indicator for the émulsification time. The appearance o f the emulsion after a 

single inversion was also noted.

2. Microscopic techniques were employed to examine the structural details of the 

droplets formed. Previous studies have reported the presence of multiple 

emulsion droplets with some Labrafil oils (Craig et al, 1995a). The presence of 

w/o/w multiple or simple o/w droplets and an estimate the relative size of the 

droplets produced was noted.

3. The particle size was investigated using laser diffraction and Brownian motion 

techniques that measure particles in the micron and submicron range 

respectively.
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3.3 Experimental Methods

3.3.1 Method for general emulsion preparation and for particle size analysis

For all studies with the exception o f visual investigations, a homogeneous emulsion 

formed with minimum agitation was necessary to ensure a reproducible system. The 

effect of agitation speed using a rotar paddle method was examined for 60% Labrafil M 

1944 CS/40% Tween 80. Preliminary studies indicated that this oil/surfactant mix 

produced both simple o/w and multiple w/o/w droplets hence this mix was considered to 

be a suitable test system. The ideal speed setting should impart a minimal amount of 

energy to ensure homogenous and reproducible dispersion for particle size analysis and 

microscopic studies. A minimal agitation rate is desirable to avoid vigorous mechanical 

energy, which may disrupt the multiple structure and reduce the size o f the simple and 

multiple droplets. The emulsions were prepared using a rotor paddle agitation method of 

dimensions 70mm by 15mm. The speeds investigated were 70rpm, lOOrpm, 145rpm, 

ISSrpm, 245rpm and 450rpm at 20°C. Preliminary investigations on the preparation 

method for particle size analysis was performed using the Malvern 2600 (due to the 

availability of equipment at the time). This instrument works on similar principles to the 

Malvern Mastersizer S described in Chapter 2 except the principles for analysis are 

based on a much simpler model known as the Fraunhaufher laser diffraction theory. A 

63mm Fourier lens was used which enabled measurement over a particle size range 

from 0.5p.m to 118pm. All experiments were repeated four times.

An optimum concentration of particles is required for accurate particle size 

measurements using laser diffraction theory. In order to obtain this ideal concentration 

samples are often diluted with the bulk medium. However sample dilution may change 

the particle size distribution. The sample concentration is characterised by a term known 

as the obscuration value. The obscuration value is defined as the amount o f light lost 

due to the introduction of the sample. For the Malvern instruments, the ideal 

obscuration value lies between 10% and 30%. Above this value a photon of light is 

scattered by more than one particle. In this case the incidence angle would not be known 

for the first particle and would therefore not be representative o f the size distribution.
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This undesirable effect is known as multiple scattering. In contrast, samples with a very 

low obscuration value may not produce a scattering pattern significantly different fi-om 

the background noise. The effect o f sequential sample dilution on particle size 

distribution was studied. 60% Labrafil M 1944 CS/40%Tween 80 was analysed as it 

represents a sample population containing simple o/w and multiple w/o/w droplets. The 

following sample dilutions were measured: 100%, 75%, 50% and 25%. Below 25% 

dilution, the obscuration value was below the acceptable level. The Malvern Mastersizer 

S was employed and experiments were repeated four times.

3.3.2 Visual analysis of self-emulsifying behaviour

Several methods have been used to assess the self-emulsifying behaviour o f an 

emulsion. Groves and Mustafa (1974b) investigated the ease or spontaneity of 

émulsification by recording the time taken to attain constant emulsion turbidity using a 

light scattering technique. The process o f emulsion formation was thought to involve a 

reduction in particle size over time until an optimum size is reached (depending on 

experimental conditions such as nature o f the oil phase). This was suggested to 

correspond with an initial increase in emulsion turbidity until equilibrium conditions 

were obtained. The time taken for equilibrium to be reached was related to the ease of 

émulsification, with a shorter time indicating a better self-emulsifying system. Pouton 

(1985a) continuously monitored the relative intensity of light scattered by the dispersion 

during formation using a nephelometer. The rate o f émulsification was noted at the time 

for the scattered light intensity to reach 50%, 75% and 90% of the final equilibrium 

intensity. In contrast, Iranloye and Pilpel (1984) compared the final turbidity values of 

each emulsion over a range of oil/surfactant mixes for a number o f oils and surfactants. 

The amount o f light scattered indicated by the turbidity was employed as a measure of 

self-emulsifiability. Visual studies were employed in this investigation as Groves and 

Mustafa (1974b) noted a good correlation between the turbidity measurements and more 

simple visual studies.

Visual analysis based on the CIPAC test (Collaborative International Pesticides 

Analytical Council, handbook 1973) was used as a basic assessment o f self-emulsifying 

behaviour. This test involves adding small volumes o f oil/surfactant to an excess of
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water under standardised conditions and the rate of émulsification is classified as 

“good”, “moderate” or “bad”. In this study, the ease o f dispersion and emulsion 

formation in terms of its ability to spread and mix with the bulk phase water was noted. 

The émulsification time was expressed in terms of the time taken for cloud formation to 

begin. The appearance o f the mixture after a single inversion was also noted as a visual 

assessment o f the final turbidity of the emulsion.

Oil/surfactant mixes were prepared (%v/v) ranging from 100% oil to 30% oil/70% 

surfactant. Formulations containing surfactant concentrations greater than 70% were not 

studied due to potential toxicity problems. 250pl o f an oil/surfactant mix was added to 

SOOmls o f distilled water in a 500ml measuring cylinder with the pipette tip placed 1cm 

above the meniscus of the water in the absence o f applied mechanical agitation. 300mls 

o f distilled water was employed to represent a suitable quantity o f fluid thought to be 

present in the small intestine under fasted conditions (Dressman et al, 1998). 

Experiments were repeated four times at room temperature 20°C.

3.3.3 Structural characterisation using microscopic techniques

Structural characteristics o f the emulsion droplets were initially evaluated using 

standard light and differential contrast techniques outlined in Chapter 2. 100% oil to 

30% oil/70% surfactant emulsions (%v/v) were investigated. Emulsions were prepared 

by adding 250pl o f an oil/surfactant mix to 300mls o f distilled water and stirred for 10 

minutes at lOOrpm using the paddle method. Samples were drawn fi-om the surface, 

middle and bottom of the beaker to obtain a fair representation o f the structural variety 

of droplets (multiple droplets had a tendency to remain at the surface o f the emulsion). 

Care was taken to eliminate the presence o f air bubbles and to distinguish the passage of 

j a i l e r  o/w droplets under larger droplets in order to avoid false interpretation of the 

presence o f multiple droplets.
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3.3.4 Formulation effects on particle size analysis

250pl o f an oil/surfactant mix ranging from 100% oil to 30% oil/70% surfactant (%v/v) 

was added to 300mls o f distilled water. Gentle mechanical agitation was applied using a 

rotor paddle set at lOOrpm for 10 minutes. The Malvern Mastersizer S was used to 

measure particles in the micron size range. 2000-3000 sweeps were taken per 

measurement on an undiluted sample. All samples (100% neat) gave a suitable 

obscuration value, except for those emulsions indicated in the result tables. Four 

samples were prepared for each oil/surfactant composition and each was measured five 

times. The medium volume diameter and the span value (measures the width of the 

distribution) was recorded and averaged.

The Malvern Zetasizer was used in standard autosizer mode to measure emulsions with 

droplets in the submicron size range. Two measurements were taken on three separate 

samples of the same formulation (undiluted). The merit value describes the relationship 

between the signal to noise ratio. Values between 10 and 90% are desirable. The merit 

values were obtained for most samples unless indicated in section 3.4 below. Z average 

diameters were recorded. This value is a natural intensity weighted mean. A volume 

mean can be calculated using the Mie theory, however the sample refractive index and 

absorbance value, denoted as the real and imaginary refractive index need to be known. 

Due to the absence of these values the weighted mean was recorded for all samples and 

averaged.
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3.4 Results

3.4.1 Method for emulsion preparation

The effect o f agitation speed on a 60% Labrafil M 1944 CS/40% Tween 80 formulation 

using a rotor paddle method is displayed in Table 3.1. The average medium volume 

diameter, D (v, 0.5), standard deviation and span values are reported. The medium 

volume diameter is the diameter at which 50% o f the sample lie below and 50% lie 

above. The span value is a measure o f the width o f the volume distribution relative to 

the medium diameter. This value gives an indication o f the polydispersity o f the sample. 

It is calculated using the following equation:

Span = D (v, 0.9) -  D (v, 0.1)

D (V, 0.5)

where D (v, 0.9) and D (v, 0.1) represents the size below which 90% and 10% of the 

volume lie.

60% Labrafil M 1944 CS/40% Tween 80 contains both simple and multiple droplets. 

Microscopic examination of this emulsion implied that most o f the large droplets were 

multiple in nature whereas the small droplets were simple o/w droplets (discussed in 

more detail later in this Chapter). The Malvern 2600 is unable to measure droplets in the 

submicron size range which are likely to represent smaller o/w droplets. Therefore the 

results presented in Table 3.1 are likely to be a reflection o f changes in multiple droplet 

size. In addition, the speed o f agitation is more likely to have a greater effect on 

multiple droplets which are thermodynamically less stable. Results fi-om particle size 

analysis and microscopy indicate that the agitation speed has a profound effect on the 

size and structural nature o f the droplets produced. It is apparent that as the rotation 

speed is increased above 245rpm the average D (v, 0.5) o f the sample is reduced. This 

corresponds with a concomitant reduction in the number o f multiple droplets viewed 

under the microscope. At speeds of 450rpm multiple droplets were not observed and the
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droplets size was significantly less than that at slower speeds o f 70-lOOrpm (p < 0.05). 

A minimum mixing speed was needed to ensure a homogenous and reproducible 

emulsion without imparting excess energy hence the speed o f 100 rpm (low SD) was 

used for 10 minutes for all further studies.

The effect o f sequential emulsion dilution on the particle size distribution for 60% 

Labrafil M 1944 CS/40% Tween 80 emulsions are presented in Table 3.2. The results 

indicate that sample dilution has a significant effect on the average D (v, 0.5) and span 

value of the particle size distribution. As the emulsion is diluted a reduction in the 

medium volume value and an increase in the width o f the distribution was noted. 

Microscopic analysis showed a reduction in the number and size o f the multiple droplets 

on dilution. Further samples for particle analysis were not diluted.

Table 3.1 The effect o f agitation rate on the particle size o f 60% Labrafil M 1944 CS/40%
Tween 80 emulsions (obtained using the Malvern 2600)

Speed o f Rotation Average D (v, 0.5) Span

rpm pm (SD)

70 24.1 (3.3) 2.62

100 28.8 (2.6) 2.30

145 25.3 (3.2) 2.69

185 24.7 (2.4) 1.98

245 18.1 (1.5) 2.45

450 3.1 (0.2) 2.35

Table 3.2 The effect of sample dilution on particle size o f 60% Labrafil M 1944 CS/40\ 
Tween 80 emulsions (obtained using the Malvern Mastersizer S)

60% Labrafil M 1944/40% Tween 80 Average D (v, 0.5) Span

pm (SD)

100% neat 43.9(1.9) 2.56

75% dilution 36.1(1.1) 2.66

50% dilution 26.2(1.7) 3.35

25% dilution 17.9 (2.1) 3.98
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3.4.2 Characterisation of 100% Labrafil oils

A summary o f visual observations, predominant emulsion structure and the average D 

(v, 0.5) droplet size for the six Labrafil oils are presented in Table 3.3. Good self- 

emulsifying behaviour was arbitrarily ascribed to those oils which displayed good 

spreading characteristics and the ability to produce clouds within 60 seconds. In 

previous studies where only simple o/w droplets were formed, an average particle size 

value below 5 pm was also considered to reflect excellent self-emulsifying behaviour 

(Bachynsky et al, 1997). In this study, o/w emulsions that produced droplets below 5pm 

were also considered good self-emulsifying systems. However, where the predominant 

droplet structure is multiple in nature small particle size cannot be a reflection of 

favourable self-emulsifying behaviour as multiple droplets were found to be in the 

micrometer size range.

The results indicate the ability o f Labrafil oils to self-emulsify is dependent on the 

structural chemistry of the oils. On visual examination alone all six oils displayed some 

degree o f self-emulsification. In addition, from microscopic observations it is evident 

that self-emulsifying w/o/w multiple and o/w simple emulsions are produced depending 

on the oil used (Table 3.3). O f the six oils investigated, the most hydrophilic oil 

Labrasol (MCT, PEG 400, HLB 14) showed the clearest tendency to self-emulsify with 

excellent spreading properties and rapid cloud formation producing very small o/w 

droplets. Particle size analysis using the Malvern Zetasizer indicated droplet size values 

in the nanometer size range (average 145nm). However, droplets were visible under the 

microscope (detection limit > lpm ) and a very cloudy emulsion was produced indicating 

that droplets in the micron region were also present. Analysis using the Malvern 

Mastersizer S indicated the presence of droplets less than 10pm in size but could not 

give an accurate medium value due the lower detection limit o f the instrument (500nm). 

Figure 3.2 displays small droplets that were visible under the microscope. Labrafac CM 

10 (MCT, PEG 200, HLB 10) another polar oil displayed excellent self-emulsifying 

properties, however multiple droplets were produced with mean D (v, 0.5) of 13.8pm 

(Figures 3.3 and 3.4). Simple o/w droplets were also noted under the microscope but 

could not be sized using the Malvern Zetasizer due to the large polydispersity of the 

sample.
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Labrafil WL 2609 BS o f intermediate polarity (LCT, PEG 400, HLB 6) displayed poor 

self-emulsifying properties. The cloud formation time was greater than 3 minutes and 

the oil showed poor spreading characteristics. The particle size standard deviation value 

was double that calculated for Labrafac CM 10 and Labrasol indicating poor 

reproducibility. The predominant droplet structure was simple in nature although some 

multiple droplets were present. Particle size analysis measures the total particle 

distribution and is unable to distinguish between simple and multiple droplets. However 

an indication of two structural populations can be seen by the presence o f two distinct 

peaks (Figure 3.5). The size distribution is depicted as a volume distribution. The 

percent volume in each size band is calculated and displayed as a frequency plot. From 

the microscopic data it can broadly be assumed that the lower peak (peak A) reflects 

smaller simple o/w droplets whereas the peak o f larger medium value (peak B) can be 

ascribed to consist predominantly of multiple emulsion droplets. The lower detection 

limits o f the Malvern Mastersizer S prevents a full and accurate analysis of peak A. 

Unfortunately, due to the polydispersity of the sample accurate measurement of peak A 

was also not possible with the Malvern Zetasizer. In order to obtain the average medium 

D (v, 0.5) and span values for peak B, the lower detection channels were ‘killed’ and 

removed from analysis. The average D (v, 0.5) value in Table 3.3 therefore represents 

the predominant multiple droplet population in peak B.

Hydrophobic oils such as Labrafil M 1944 CS (LCT, PEG 8, HLB 4) and Labrafil M 

2125 CS (LCT, PEG 6, HLB 4) displayed poor spreading characteristics and took 

longer for cloud formation compared to Labrasol and Labrafac CM 10, but a shorter 

time than Labrafil WL 2609 BS. The predominant droplet structure was multiple in 

nature. Simple o/w droplets were also noted under the microscope for Labrafil M 1944 

CS and Labrafil M 2125 CS emulsions and the two emulsion populations were reflected 

by two distinct populations in the size distribution as in the case of Labrafil WL 2609 

BS. The water-insoluble oil, Labrafac Lipophile WL 1349 (MCT, H LBl) did not self- 

emulsify very well and produced large multiple droplets. After formation these droplets 

were observed at the air/water interface thereby leaving a clear bulk phase. Simple o/w 

droplets were not observed under the microscope and were therefore not reflected in the 

particle size distribution which shows only a single peak (Figure 3.6). Nevertheless 

multiple droplets with a mean D (v, 0.5) value of 268.5pm were formed in the absence 

o f external mechanical agitation (Figure 3.7).
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Table 3.3 Characterisation o f  Labrafil oils assessing the self-emulsifying properties, 
predominant droplet structure and particle size

100%  HLB Spread 
Oil

Time Appearance 
(s) on

Inversion

Emulsion Size (SD)
Character D (v,0.5) Z value 

pm nm
Labrasol 14 Yes 2 very cloudy simple - 145

(3.0)
Labrafac 10 Yes 16 cloudy multiple 13.8 -

CMIO (3.1)
Labrafil 6 No 180+ cloudy sim ple*’ 429*2

-

2609 (6.4)
Labrafil 4 No 130 cloudy multiple 43.9*^ -

1944 (1.9)
Labrafil 4 No 120 cloudy multiple 49.7*^ -

2125 (3.9)
Labrafac 1 No *3 clear multiple 268.5 -

1349 (26)

Formulations contained predominant o/w droplets but few w/o/w droplets were also observed 
*■ Data channels killed to give information regarding the peak representing larger droplets 

Oil/surfactant mix turned cloudy but remained at the surface, no visual cloudy streaks were 
observed thus no time was recorded

Figure 3.2 Simple o/w droplets observed fo r  100% Labrasol emulsions (the bar represents 
100pm  --------- )
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Figure 3.3 Multiple w/o/w emulsions produced from  100% Labrafac CM JO emulsions (the 
bar represents 100 p m   )

Figure 3.4 The particle size distribution fo r i00% Lcdyrafac CM 10 emulsions (obtained 
using the Malvern Mastersizer S)
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Figure 3.5 The particle size distribution fo r  100% Labrafil WL 2609 BS emulsions 
(obtained using the Malvern Mastersizer S)
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Figure 3.6 The particle size distribution fo r  100% Labrafac Lipophile WL 1349 emulsions 
(obtained using the Malvern Mastersizer S)
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F igures.?  Multiple w/o/w emulsions produced from  100% Labrafac Lipophile WL 1349 
(the bar represents 25 p m  )
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3.4.3 The effect of oil/surfactant ratio on emulsion properties

3.4.3.1 Visual analysis o f self-emulsifying behaviour

Visual observations for all six Labrafil oils in combination with Tween 80 are presented 

in Tables 3.4 to 3.9. These results support previous studies demonstrating that the self- 

emulsifying performance is sensitive to the specific ratio o f the oil/surfactant mix 

(Groves and DeGalindez, 1976; Pouton, 1985a; 1985b; Wakerly et al, 1986a; 1986b). 

The ideal oil/surfactant ratio varies according to the oil investigated. For hydrophilic 

oils (Labrasol and Labrafac CM 10) no surfactant or very little was needed to produce 

excellent self-emulsifying emulsions. For example 90% Labrafac CM 10/10% Tween 

80 exhibited excellent self-emulsifying behaviour, with an émulsification time of 2 

seconds and good spreading properties. Very cloudy emulsions were also produced for 

those specific oil/surfactant concentrations, which produced the fastest émulsification 

time indicating good émulsification o f the oil phase.

In contrast, Labrafil M 1944 CS, Labrafil M 2125 and to some extent Labrafil WL 2609 

BS required a larger percentage of surfactant usually between 50 and 60% to produce 

moderate self-emulsifying systems. The time taken for cloud formation was within 60 

seconds, but poor spreading and mixing characteristics were noted. Turbid emulsions 

were also noted around the 60% oil/40% surfactant mix. Difficulties arose when the 

self-emulsifying behaviour was assessed for 90-70% Labrafac Lipophile WL 

1349/Tween 80 formulations. These oil/surfactant mixes were not miscible prior to the 

addition to water. Clear visual streaks were observed within a few seconds after addition 

to the bulk phase water. These streaks were not considered to be the initial process of 

cloud formation and could represent surfactant migration alone into the bulk water 

phase. Therefore 60% oil/40% surfactant, a miscible system, is likely to represent the 

point of moderate self-emulsification as extensive cloud formation was noted resulting 

in a very turbid emulsion. For many o f the systems studied, as the surfactant 

concentration was increased the time for émulsification decreased to a minimum point. 

Thereafter a further increase in surfactant concentration resulted in an increase in 

émulsification time. This could be attributed to a higher viscosity oil/surfactant mix that 

may retard the émulsification process (Tween 80 is of greater viscosity than the oils 

thus if  its proportion is increased the overall viscosity o f the mix increases).
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Table 3.4 Visual characteristics for Labrasol/Tween 80 emulsions

Oil (%) Spread Time (s) Appearance on 
Inversion

Emulsion
Characteristics

100 Yes 2 very cloudy simple

90 Yes 22 slightly cloudy simple

80 Yes 23 V. slightly 
cloudy

simple

70 Yes 22 clear simple

60 Yes 23 clear simple

50 Yes 34 clear simple

40 Yes 31 clear simple

30 No 44 clear simple

Table 3.5 Visual characteristics for Labrafac CM 10/Tween 80 emulsions

Oil (%) Spread Time (s) Appearance on 
Inversion

Emulsion
Characteristics

100 Yes 16 cloudy multiple

90 Yes 2 very cloudy simple

80 Yes 23 slightly cloudy simple

70 Yes 21 V. slightly 
cloudy

simple

60 Yes 23 V. slightly 
cloudy

simple

50 Yes 22 V. slightly 
cloudy

simple

40 Yes V. slightly 
cloudy

simple

30 Yes clear simple
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Table 3.6 Visual characteristics for Labrafil WL 2609 BS/Tween 80 emulsions

Oil (%) Spread Time (s) Appearance on 
Inversion

Emulsion
Characteristics

100 No 180+ cloudy simple*

90 No 180+ very cloudy simple*

80 No 123 cloudy simple*

70 No 115 cloudy simple*

60 No 50 cloudy simple*

50 No 66 slightly cloudy simple*

40 No 82 slightly cloudy simple

30 No 96 V. slightly 
cloudy

simple

* Formulations contained predominantly simple emulsion droplets but few multiple droplets were also 
observed

Table 3.7 Visual characteristics for Labrafil M 1944 CS/Tween 80 emulsions

Oil (%) Spread Time (s) Appearance on 
Inversion

Emulsion
Characteristics

100 No 130 cloudy multiple

90 No 74 very cloudy multiple

80 No 61 very cloudy multiple

70 No 21 cloudy multiple

60 No 25 very cloudy multiple/
simple

50 No 17 cloudy simple

40 No 22 slightly cloudy simple

30 No 21 slightly cloudy simple
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Table 3.8 Visual characteristics for Labrafil M 2125 CS/Tween 80 emulsions

Oil (%) Spread Time (s) Appearance on 
Inversion

Emulsion
Characteristics

100 No 120 cloudy multiple

90 No 86 cloudy multiple

80 No 21 cloudy multiple

70 No 19 very cloudy multiple

60 No 17 very cloudy multiple/
simple

50 No 16 very cloudy simple

40 No 17 cloudy simple

30 No 29 slightly cloudy simple

Table 3.9 Visual characteristics for Labrafac Lipophile WL 1349/Tween 80 emulsions

Oil (%) Spread Time (s) Appearance on 
Inversion

Emulsion
Characteristics

100 No clear multiple

90 No 8 slightly cloudy multiple

80 No 6 slightly cloudy multiple

70 No 4 cloudy multiple

60 No 27 very cloudy simple

50 No 32 cloudy simple

40 No 22 slightly cloudy simple

30 No 25 V. slightly 
cloudy

simple

thus no time recorded
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3.4.2.2 Structural characterisation using microscopic techniques

Microscopic examinations were used for identifying the predominant droplet structure. 

It was difficult to compare particle size information obtained by laser light diffraction 

and microscopic observations. Multiple droplets in particular were flattened by the 

cover slip and therefore gave misleading size dimensions o f much greater size. Little 

structural or size information could be gained for small emulsion droplets, especially 

those beyond the detection limits of light microscopy (<lpm ). Differential interference 

contrast microscopy in the dark field setting was particularly useful for emulsions, 

which contained very small droplets (Figure 3.2).

Multiple emulsion droplets were observed for all oil/surfactant combinations between 

100% oil and 30% oil/70% surfactant for Labrafac Lipophile WL 1349, Labrafil M 

2125 CS and Labrafil M 1944 CS (Figures 3.8a and 3.8b). For these oils, it was evident 

that the number and size of multiple droplets decreased as the surfactant ratio was 

increased. The presence o f multiple droplets, though few in number, were also detected 

for Labrafil WL 2609 BS for oil/surfactant ratios 100% oil to 50% oil/50% surfactant. 

Thereafter, multiple droplets were not detected. These results indicate the possibility of 

multiple emulsion formation over a wide oil/surfactant range for oils of different 

structural composition. As mentioned previously, multiple droplets were also noted for 

100% Labrafac CM 10 emulsions, however the effect was lost on addition of Tween 80. 

In contrast, multiple droplets were absent for all Labrasol formulations which produced 

only simple o/w droplets. These results suggest the formation o f multiple droplets is 

dependant on the oil employed and the oil/surfactant ratio.
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Figure 3.8a Multiple emulsion droplets form ed from  100% Labrafil M  1944 CS (the 
bar represents 100 p m   )

Figure 3.8b Multiple emulsion droplets form ed from  30% Labrafil M  1944 CS/70% 
Tween 80 (the bar represents 100 p m   )
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3.4.2.3 Formulation effects on particle size analysis

The particle size analysis results are summarised in Tables 3.10-3.15. Figures 3.9-3.12 

graphically display the formulation effects on size distribution for Labrafac CM 10, 

Labrafil WL 2609 BS, Labrafil M 1944 CS and Labrafac Lipophile WL 1349/Tween 80 

emulsions. Certain oil/surfactant emulsions were unable to be measured using the 

Malvern Zetasizer as the merit value or counts per unit time was too low due to the 

limitations o f the instrument laser power. This usually occurred at high surfactant 

concentrations when the emulsions were almost clear and differences in the noise to 

signal ratio could not be distinguished. The average medium D (v, 0.5) value could not 

be identified for 90% to 70% Labrafil WL 2609 BS/Tween 80 emulsions as this 

emulsion produced a bi-modal distribution as identified in peak B (Figure 3.9).

The particle size results are in reasonably good agreement with visual and microscopic 

data. In general, as the ratio o f surfactant was increased the particle size was reduced for 

all formulations. The Labrasol system displayed the smallest particle size with a 

population o f droplets in the nanometer size range, although the cloudy nature of the 

emulsion also indicates the presence o f droplets in the micron range (Table 3.10). 

Labrafac Lipophile WL 1349/Tween 80 emulsions exhibited droplets o f the largest size 

(Table 3.15). Two distinct populations representing predominantly smaller simple 

droplets, (peak A) and large multiple droplets, (peak B) were presented for Labrafil WL 

2609 BS (100% oil to 50% oil/50% surfactant), Labrafil M 1944 CS (100% oil to 60% 

oil/40% surfactant), Labrafil M 2125 CS (100% oil to 60% oil/40% surfactant) and 

Labrafac Lipophile WL 1349 (90%oil/10% surfactant to 60%oil/40% surfactant) 

emulsions (Figures 3.9, 3.10 and 3.11). Within these concentration ranges the 

proportion o f droplets below 1pm (peak A) increased as the surfactant concentration 

was raised. As the surfactant concentration was increased further, a marked reduction in 

size was noted and peak B disappeared. This point coincided with a predominantly 

simple o/w emulsion (microscopic observations). This change fi’om a predominantly 

multiple emulsion system to a simple emulsion may be associated with phase inversion. 

Phase inversion is usually associated with the conversion o f a w/o to an o/w system. 

However, studies have shown that this process can sometimes occur via an intermediate 

phase containing multiple emulsions (Seifiiz, 1925; Lin et al, 1975). For reasons not 

fully understood the phase inversion point varies depending on the nature o f the oil. For
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hydrophobic oils, Labrafac Lipophile WL 1349 (HLB 1), Labrafil M 1944 CS (HLB 4), 

Labrafil M 2125 CS (HLB 4) and Labrafil WL 2609 BS (HLB 6), this phase inversion 

point occurred between 60% oil/40% surfactant to 50% oil/50% surfactant. In contrast, 

for hydrophilic oils such as Labrafac CM 10 (HLB 10) the inversion occurred at 90% 

oil/10% surfactant (Figure 3.12). The point of phase inversion corresponds not only to a 

sudden drop in particle size but also improved visual self-emulsifying properties, with 

faster émulsification times. However, multiple droplets though few in number were still 

present for a number o f these formulations after the phase inversion point, but a 

dramatic change in the predominant droplet structure was noted. The continued 

presence of multiple droplets or larger simple o/w droplets could explain the high 

polydispersity index o f these samples when measured using the Malvern Zetasizer. This 

was observed for 60% oil/40% surfactant for Labrafil M 1944 CS, Labrafil M 2125 CS 

and Labrafil WL 2609 BS (Tables 3.12, 3.13 and 3.14). Once phase inversion had 

occurred the particle size continued to fall as the surfactant ratio was increased for all 

formulations.
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Table 3.10 The Z value and polydispersity index obtained for Labrasol/Tween 80 
formulations (obtained using the Malvern Zetasizer)

Oil (%) D (v, 0.5) nm Span 

(SD)

Z Value nm 

(SD)

Polydispersity

100 145 (3.0) 0.09

90 - 79 (6.7) 0.26

80 - 51 (10.5) 0.35

70 - *
-

60 - * -

50 - * -

40 - *
-

30 ” * -

* Merit value below the detection limit of the instrument

Table 3.11 Averaged particle size data expressed in terms o f D (v, 0.5) and span value 
(Malvern Mastersizer S) and the Z value and polydispersity index (Malvern 
Zetasizer) obtained for Labrafac CM 10/Tween 80 formulations

Oil (%) D (v, 0.5) pm Span 

(SD)

Z Value nm 

(SD)

Polydispersity

100 13.8(3.1) 3.37 - -

90 - 254 (4.6) 0.28

80 - 192 (5.5) 0.43

70 - 145 (5.8) 0.62

60 - 91 (3.7) 0.63

50 -
* -

40 -
* -

30 - * -

* Merit value below the detection limit of the instrument
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Table 3.12 Averaged particle size data expressed in terms o f D (v, 0.5) and span value 
(Malvern Mastersizer S) and the Z value and polydispersity index (Malvern 
Zetasizer) obtained for Labrafil WL 2609 BS/Tween 80 formulations

Oil (%) D (v, 0.5) 

(SD)*

Span Z Value nm 

(SD)

Polydispersity

100 42.9 (6.4) 2.47 - -

90 *
- - -

80 *
- - -

70 *
- 572 (50.2) 0.89

60 - - 682 (31.0) 0.83

50 - - 713 (54.2) 0.82

40 - - 570 (29.0) 0.65

30 - - 429 (24.0) 0.54

* Results killed at 0.31 channels therefore D (v, 0.5) represents the average medium value of larger size 
peaks. When a double peak is present -  unable to obtain a medium value

Table 3.13 Averaged particle size data expressed in terms of D (v, 0.5) and span value 
(Malvern Mastersizer S) and the Z value and polydispersity index (Malvern 
Zetasizer) obtained for Labrafil M 1944 CS/Tween 80 formulations

Oil (%) D (v, 0.5) pm 

(SD)*'

Span Z Value nm 

(SD)

Polydispersity

100 43.9(1.9) 2.56 - -

90 47.1 (3.4) 1.79 - -

80 47.7 (5.6) 2.33 - -

70 43.9 (7.8) 2.92 - -

60 35.8(1.2) 3.22 444 (31.0) 0.49

50 - - 438 (26.5) 0.47

40 - - 365 (39.5) 0.48

30 - -
*2

-

peaks
Merit value below the detection limit of the instrument
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Table 3.14 Averaged particle size data expressed in terms of D (v, 0.5) and span value 
(Malvern Mastersizer S) and the Z value and polydispersity index (Malvern 
Zetasizer) obtained for Labrafil M 2125 CS/Tween 80 formulations

Oil (%) D (v, 0.5) \im 

(SD)*

Span Z Value nm 

(SD)

Polydispersity

100 47.7 (3.9) 1.96 - -

90 57.3(4.1) 2.08 - -

80 70.3 (12.4) 2.34 - -

70 45.2 (8.9) 2.86 560 (59.3) 0.87

60 30.2 (3.6) 4.67 432(15.4) 0.75

50 - - 425 (29.8) 0.59

40 - - 427 (16.6) 0.50

30 - - 372 (19.3) 0.55

* Results killed at 0.31 channels therefore D (v, 0.5) represents the average medium value of larger size 
peaks

Table 3.15 Averaged particle size data expressed in terms o f D (v, 0.5) and span value 
(Malvern Mastersizer S) and the Z value and polydispersity index (Malvern 
Zetasizer) obtained for Labrafac Lipophile WL 1349/Tween 80 formulations

Oil (%) D (v, 0.5) pm 

(SD)*

Span Z Value nm 

(SD)

Polydispersity

100 268.5 (26) 1.29 - -

90 176.5 (3.8) 1.38 - -

80 143.3 (8.2) 1.51 - -

70 109.8(17.6) 1.98 - -

60 - - 240 (2.3) 0.11

50 - - 212 (8.9) 0.15

40 - - 116(6.3) 0.18

30 - - 65 (5.5) 0.26

* Results killed at 0.31 channels therefore D (v, 0.5) represents the average medium value of larger size 
peaks
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Figure 3.9 A hi-rnodal distribution (peak B) observed fo r  90% and 80% Labrafil WL 2609 
BS/Tween 80 emulsions
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Figure 3.10 The effect o f surfactant concentration on the particle size distribution o f  
Labrafil M 1944 CS/Tween 80 emulsions
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Figure 3. ! I The effect o f surfactant concentration on the particle size distribution o f  
Labrafac Lipophile WL 1349/Tween 80 emulsions
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Figure 3.12 The effect o f sutfactant concentration on the particle size distribution o f 
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3.4.3 The choice o f surfactant on emulsion properties

3.4.3.1 Visual analysis o f self-emulsifying behaviour

In general, on visual examination alone the émulsification time was reduced for Labrafil 

M 1944 CS, Labrafac CM 10, Labrafil WL 2609 BS and Labrafac Lipophile WL 

1349/Tween 20 (Tables 3.16 - 3.19) compared to corresponding Labrafi 1/Tween 80 

formulations (Tables 3.5, 3.6, 3.7 and 3.9). No significant difference was observed in 

the ability o f the oil/surfactant mix to spread with the bulk phase water or the general 

appearance o f the emulsion on inversion. No change in the oil/surfactant ratio that gave 

the fastest émulsification time was noted with the exception o f Labrafac Lipophile WL 

1349. All Labrafac Lipophile WL 1349/Tween 20 mixes studied were immiscible prior 

to addition to the bulk phase water (90% oil/10% surfactant to 30% oil/70% surfactant). 

Therefore on visual analysis, it was often difficult to ascertain whether true cloud 

formation was occurring or whether the clear streaks observed were of surfactant 

migration alone.

3.4.3.2 Microscopic analysis o f droplet structure

Labrafil/Tween 20 emulsions produced multiple droplets over a different oil/surfactant 

range compared to Labrafil/Tween 80 formulations with the exception o f Labrafac CM 

10. Labrafac CM 10 only produced multiple droplets for 100% oil emulsions. Multiple 

droplets were not present on addition of Tween 80 or Tween 20. For Labrafil WL 2609 

BS/Tween 20 emulsions, multiple droplets were observed for 100% to 60% 

oil/40%surfactant emulsions compared to a wider range o f 100% to 50% oil/50% 

surfactant recorded for Tween 80 systems. Similarly, Labrafil M 1944 CS/Tween 20 

mixes produced multiple droplets over a limited range (100% oil to 60% oil/40% 

surfactant) compared to Labrafil M 1944 CS/Tween 80 emulsions which produced 

multiple droplets for the entire range investigated (100% oil to 30% oil/70% surfactant). 

For the above oils. Tween 20 appeared to alter the phase inversion point to a lower 

surfactant concentration and hence reduce the oil/surfactant range over which multiple 

droplets are formed. In contrast, multiple droplets represented the predominant droplet 

structure for a wider oil/surfactant mix for Labrafac Lipophile WL 1349/Tween 20
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emulsions (100% to 30% oil/70%surfactant) compared to Labrafac Lipophile WL 

1349/Tween 80 emulsions (100% to 60% oil/40% surfactant). Although multiple 

droplets with poorly developed inner water droplets were noted for Tween 20 

emulsions.

3.4.3.3 Particle size analysis

Again as the surfactant concentration was increased a reduction in the particle size was 

noted. For most oils (Labrafac CM 10, Labrafil WL 2609 BS and Labrafil M 1944 CS) 

the o/w submicron particle size was smaller for Tween 20 emulsions compared to 

Tween 80 (Tables 3.20, 3.21 and 3.22). This was often accompanied by a lower 

polydisperisity index indicating a narrow spread in the peak. For example, 60% Labrafil 

WL 2609 BS/40% Tween 20 systems produced droplets 50% smaller than Tween 80 

emulsions (Tween 20 -  346.9nm; polydispersity index 0.61 compared to Tween 80 - 

682.2nm; polydispersity index 0.83). The size o f large multiple droplets remained 

essentially unchanged. Droplets in the micron range were recorded for all Labrafac 

Lipophile WL 1349/Tween 20 emulsions for the entire oil/surfactant range investigated 

which reflects predominant multiple emulsions (Table 3.23).
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Table 3.16 Visual characteristics for Labrafac CM 10/Tween 20 emulsions

Oil (%) Spread Time (s) Appearance on 
Inversion

Emulsion
Characteristics

100 Yes 16 cloudy multiple

90 Yes 2 very cloudy simple

80 Yes 2 very cloudy simple

70 Yes 3 cloudy simple

60 Yes 9 slightly cloudy simple

50 Yes 12 clear simple

40 Yes 17 clear simple

30 Yes 17 clear simple

Table 3.17 Visual characteristics for Labrafil WL 2609 BS/Tween 20 emulsions

Oil (%) Spread Time (s) Appearance on 
Inversion

Emulsion
Characteristics

100 No 180+ cloudy simple*

90 No 180+ very cloudy simple*

80 No 123 cloudy simple*

70 No 125 cloudy simple*

60 No 46 cloudy simple*

50 No 52 slightly cloudy simple

40 No 34 slightly cloudy simple

30 No 21 V. slightly 
cloudy

simple

* droplet structure is predominantly simple in nature but multiple droplets are present

107



Chapter 3 Characterisation o f  Polyglycolsed Glyceride/Non-Ionic Surfactant Mixes

Table 3.18 Visual characteristics for Labrafil M 1944 CS/Tween 20 emulsions

Oil (%) Spread Time (s) Appearance 
on Inversion

Emulsion
Characteristics

100 No 130 very cloudy multiple

90 No 59 cloudy multiple

80 No 21 very cloudy multiple

70 No 16 very cloudy multiple

60 No 9 very cloudy multiple/simple

50 No 12 cloudy simple

40 No 23 cloudy simple

30 No 25 slightly
cloudy

simple

Table 3.19 Visual characteristics for Labrafac Lipophile WL 1349/Tween 20 emulsions

Oil (%) Spread Time (s) Appearance on 
Inversion

Emulsion
Characteristics

100 No clear multiple

90 No 27 slightly cloudy multiple

80 No 18 slightly cloudy multiple

70 No 11 slightly cloudy multiple

60 No 9 cloudy multiple

50 No 8 cloudy multiple

40 No 11 cloudy multiple

30 No 14 cloudy simple

thus no time recorded
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Table 3.20 Averaged particle size data expressed in terms o f D (v, 0.5) and span value 
(Malvern Mastersizer S) and the Z value and polydispersity index (Malvern 
Zetasizer) for Labrafac CM 10/Tween 20 formulations

Oil (%) D (v, 0.5) [im 

(SD)

Span Z Value nm 

(SD)

Polydispersity

100 13.8(3.1) 3.37 - -

90 - - 226 (4.6) 0.17

80 - - 209 (8.7) 0.20

70 - - 150 (4.4) 0.15

60 - - 103 (15.1) 0.27

50 - - * -

40 - - * -

30 - - * -

* Merit value below the detection limit of the instrument

Table 3.21 Averaged particle size 
(Malvern Mastersizer 
Zetasizer) for Labrafil

data expressed in terms of D (v, 0.5) and span value 
S) and the Z value and polydispersity index (Malvern 
WL 2609 BS/Tween 20 formulations

Oil (%) D (v, 0.5) nm 

(SD)*

Span Z Value nm 

(SD)

Polydispersity

100 42.9 (6.4) 2.47 - -

90 *1 - - -

80 *1 - - -

70 *1 - - -

60 - 346 (31) 0.61

50 - - 204 (24) 0.58

40 - - ♦2 -

30
*1 1-11

- - *2 -

peaks. When a double peak is present - unable to obtain a medium value 
Merit value below the detection limit of the instrument
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Table 3.22 Averaged particle size data expressed in terms o f D (v, 0.5) and span value 
(Malvern Mastersizer S) and the Z value and polydispersity index (Malvern 
Zetasizer) for Labrafil M 1944 CS/Tween 20 formulations

Oil (%) D (v, 0.5) nm 

(SD)*^

Span Z Value nm 

(SD)

Polydispersity

100 43.9(1.9) 2.56 - -

90 45.1 (0.8) 2.50 - -

80 48.4(1.6) 1.98 - -

70 41.6(1.5) 3.03 - -

60 43.1 (3.2) 4.03 339(15) 0.30

50 - - 226(1.6) 0.17

40 - - 149 (4.4) 0.13

30 - - *2 -

*' Results killed at 0.31 channels therefore D (v,0.5) represents the average medium value of larger size 
peaks

Merit value below the detection limit of the instrument

Table 3.23 Averaged particle size 
(Malvern Mastersizer 
formulations

data expressed in terms o f D (v, 0.5) and span value 
S) for Labrafac Lipophile WL 1349/Tween 20

Oil (%) D (v, 0.5) iim 

(SD)

Span Z Value nm 

(SD)

Polydispersity

100 268.2 (26) 1.29 - -

90 173.9 (24) 1.71 - -

80 168.9(12.6) 1.62 - -

70 157.4(14.9) 1.65 - -

60 130.7 (16.2) 1.87 - -

50 147.9 (18.3) 1.75 - -

40 73.9 (9.5) 2.28 - -

30 6.6 (0.9) 6.41 - -
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3.5 Discussion

3.5.1 Characterisation o f Labrafil oils

These results clearly indicate that the self-emulsifying behaviour is a specific property 

related to the structural nature o f the oil. In general, hydrophilic oils such as Labrasol 

and Labrafac CM 10 showed the greatest tendency to self-emulsify. Emulsions of both 

simple and multiple nature were produced very rapidly. In contrast, hydrophobic oils 

did not emulsify as well as hydrophilic oils but showed a greater tendency to form 

multiple emulsions. Several other workers have also suggested that the self-emulsifying 

behaviour is sensitive to the nature o f the oil concerned (Iranloye et al, 1983; Iranloye 

and Pilpel, 1984; Pouton, 1985a; Bachynsky et al, 1997). For example, Pouton (1985a) 

reported an association between the polarity o f the oil and the émulsification properties. 

Miglyol 812 and 840, (medium chain triglyceride and medium chain diesters of 

propylene glycol) displayed excellent self-emulsifying properties with Tween 85. 

However, mixtures of surfactant with liquid paraffin (less polar) or with oleic acid 

(more polar) did not form self-emulsifying systems. In addition, formulations of 

glycerol trioleote, an oil o f similar polarity to miglyol also produced poor emulsions 

(though not as poor as liquid paraffin and oleic acid). In this study, the self-emulsifying 

behaviour appears to be a function o f the polarity o f the oil. The polarity of an oil is 

defined by the triglyceride chain length (medium chain triglycerides more polar then 

long chain triglycerides), the presence o f a PEG group and its size, and the degree of 

carbon unsaturation. The effect of these variables will be discussed individually below.

The effect of PEG estérification on visual self-emulsifying behaviour can be 

demonstrated by comparing two medium chain triglyeride oils: Labrasol which is 

esterified with PEG 400 and Labrafac Lipophile WL 1349 an unesterified oil. In the 

absence o f any estérification poor self-emulsifying properties were displayed by 

Labrafac Lipophile WL 1349 producing very larger multiple droplets. These results 

clearly show that PEG estérification which increases the polarity o f the oil, is an 

essential feature for a successful o/w self-emulsifying oil. As mentioned previously in 

Chapter 2, PEG esterified oils hold a number o f different functions. Mono and diesters
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of PEG have been reported to behave as surfactant molecules. Similarly free 

monoglycerides exhibit co-surfactant properties. Therefore it is not surprising that PEG 

esterified oils in the absence of the usual additional surfactants such as tweens or spans 

are able to form self-contained self-emulsifying systems. These results support the 

theory proposed by Groves et al (1974a). Groves et al (1974a) proposed that a 

prerequisite for a successful self-emulsifying formulation is that two surfactants are 

required, one must be preferentially soluble in water and the other remain substantially 

in the oil phase when the system is added to an excess o f water. The mixture o f PEG 

esterified triglyceride surfactant molecules and monoglyceride co-surfactants have 

varying water/lipid affinities necessary for self-emulsification. The polarity of a PEG 

esterified oil is also a function o f the size of the PEG group. Larger PEG groups contain 

a larger number o f hydroxyl groups, which have a high affinity for a polar solvent such 

as water. This is likely to lead to a more favourable oil/water interaction.

The effect o f PEG chain length on droplet structure can be studied by comparing the 

behaviour o f unsaturated long chain fatty acid triglycerides, Labrafil WL 2609 BS 

(HLB 6) and Labrafil M 2125 CS (HLB 4) with reacting groups o f PEG 400 and PEG 6 

respectively. No major difference in the self-emulsifying properties were observed, yet 

Labrafil M 2125 CS displays a greater tendency to form w/o/w multiple droplets. 

Similarly Labrasol (MCT, PEG 400, HLB 14) and Labrafac CM 10 (MCT, PEG 200, 

HLB 10) differ in their tendency to form multiple droplets despite similar visual self- 

emulsifying properties. Multiple droplets were observed for Labrafac CM 10 while only 

simple o/w droplets were noted for the Labrasol emulsions. These results indicate for 

similar chain length fatty acids, lower PEG groups displayed an increased tendency to 

form multiple droplets with little or no effect on the visual self-emulsifying properties.

The effect o f chain length can be established by comparing Labrasol, a saturated 

medium chain triglyceride with Labrafil WL 2609 BS, an unsaturated long chain 

triglyceride. Both oils are esterified with PEG 400. From the results it is clear that 

medium chain triglycerides favour self-emulsification. In addition, Labrasol 

formulations only produce o/w droplets whereas Labrafil WL 2609 BS form 

predominantly o/w droplets but also produce a few multiple droplets (the latter resulting 

in larger D (v, 0.5) values). These results are in agreement with Bachynsky et al (1997) 

who reported favourable drug dissolution profiles and small droplets for self-
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emulsifying formulations containing medium chain co-surfactants. This could again be 

associated with the polarity o f the oil since medium chain triglycerides by virtue of the 

shorter carbon chain are more polar than long chain triglycerides. However, the 

importance of triglyceride chain length is secondary to PEG estérification, since 

medium chain triglycerides in the absence of estérification (Labrafac Lipophile WL 

1349) produce poor self-emulsifying systems.

The importance o f the degree o f unsaturated double bonds in the fatty acid chain lengths 

can be demonstrated by comparing the results of Labrafil M 1944 CS and Labrafil M 

2125 CS. The percentage of linoleic acid that contains two unsaturated double bonds is 

greater for Labrafil M 2125 CS. However, no significant difference in the self- 

emulsifying property, predominant droplet structure or droplet size was noted. These 

results suggest that the degree of unsaturated double bonds has no effect on the self- 

emulsifying properties. However more oils need to be compared to confirm these 

findings.

3.5.2 Effect o f oil/surfactant ratio

Many workers have reported a specific relationship between the ratio o f oil and 

surfactant and the ability of the mixture to self-emulsify. This was often related to the 

ability o f the mix to form specific liquid crystals (Groves et al, 1974a; 1974b; Iranloye 

et al, 1983; Pouton, 1985a, Wakerly et al, 1986a; 1986b). From the above study it was 

clearly evident that the hydrophilicity of the system plays a vital role in the determining 

the self-emulsifying behaviour and droplet structure o f 100% Labrafil emulsion. 

Hydrophilic oils readily formed emulsions with minimal agitation, producing simple 

o/w droplets with submicron particle sizes. In contrast, hydrophobic oils exhibited the 

least favourable self-emulsifying properties but with an increased tendency to form 

multiple droplets. Similarly the addition o f a hydrophilic surfactant such as Tween 80 

(HLB 15) can alter the overall hydrophilicity of the oil/surfactant mix and thus effect 

the properties of the emulsion formed.
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From visual assessments, the fastest émulsification times were reported for 

oil/surfactant mixes that produced simple o/w droplets with submicron particles at the 

phase inversion point. The phase inversion point describes a change in the predominant 

droplet structure from a multiple to a simple emulsion. The oil/surfactant ratio at which 

this change was observed was dependent on the nature o f the oil phase and was clearly 

related to the overall polarity o f the oil/surfactant mix. Hydrophobic oils such as 

Labrafil M 1944 CS and Labrafac Lipophile WL 1349 required a higher percentage of 

surfactant (usually between 50 and 60%) than more hydrophilic oils such as Labrafac 

CM 10 (10% surfactant) to produce a good simple o/w self-emulsifying system. This is 

not surprising since a higher percentage o f Tween 80 would be needed for a 

hydrophobic oil to attain a similar polarity to an innate hydrophilic oil. Nevertheless, 

poor spreading characteristics were still observed for hydrophobic oils with a high 

percentage of surfactant.

For some o f the oils investigated the émulsification times exhibited a minimum at the 

oil/surfactant ratio which produced submicron droplets. These results are supported by 

previous studies that have reported similar relationships between the émulsification time 

and particle size for a range of oil/surfactant mixes (Pouton, 1985a; 1985b; Wakerly et 

al, 1986b, Pouton et al, 1987). A further increase in émulsification time was noted as the 

surfactant concentration is increased. This could be attributed to an increase in 

oil/surfactant viscosity which could inhibit self-emulsification or the ability of the 

oil/surfactant mix to form interfacial liquid crystals (Pouton, 1985a; Wakerly, 1989). A 

similar minimum was reported by other studies for the effect o f surfactant concentration 

on droplet size (Pouton, 1985a, Wakerly et al, 1986b, Pouton et al, 1987). However, 

Pouton (1985a) noted that when the same oil/surfactant mix was homogenised a 

decrease in droplet size was noted as the surfactant concentration was increased. 

Iranloye (1983) also noted a reduction in droplet size as the surfactant ratio was 

increased. These findings are in confirmation o f the results found in this study. As the 

surfactant concentration was increased the droplet size decreased.

The range over which multiple emulsions were formed was a reflection of the 

hydrophilicity of the overall oil/surfactant mix. Hydrophobic oils formed multiple 

droplets over the full range studied from 100% oil to 30%oil/70% surfactant. In 

comparison, very few multiple droplets were reported for Labrafil WL 2609 BS
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(intermediate HLB) and were only observed from 100% oil to 50% oil/50% surfactant. 

Similarly, for a more polar oil like Labrafac CM 10 (HLB 10) multiple droplets were 

only observed for 100% oil and disappeared on addition o f Tween 80. In addition, 

multiple droplets were not observed for any Labrasol (HLB 14) formulations. This 

confirms that the polarity o f the system determines the resultant droplet characteristics. 

As the hydrophilicity is increased, in this case as a result o f the addition o f a hydrophilic 

surfactant. Tween 80, the presence o f multiple droplets decreases (size and number).

3.5.3 Choice o f surfactant

The choice o f surfactant was investigated by comparing the self-emulsifying behaviour 

o f Tween 80 (HLB 15) with Tween 20 (HLB 16.7). In general, the hydrophilic 

surfactant. Tween 20, produced better self-emulsifying formulations with smaller o/w 

droplets and a faster émulsification time. The point o f phase inversion occurred at a 

lower surfactant concentration for Labrafil M 2609 BS and Labrafil M 1944 CS/Tween 

20 emulsions as a more hydrophilic surfactant is employed. This resulted in a narrow 

oil/surfactant range for multiple droplet formation. Thus a hydrophilic surfactant 

appears to promote the formation of a simple o/w emulsion. However, if  the oil is very 

hydrophobic, a hydrophilic surfactant such as Tween 20 produces an immiscible 

oil/surfactant mix resulting in poor self-emulsifying properties and an increased 

tendency to produce multiple emulsions. An immisicible oil/surfactant mix was 

produced for 100% Labrafac Lipophile WL 1349 to 30% Labrafac Lipophile WL 

1349/70% Tween 80. These mixes resulted in poor self-emulsifying systems containing 

multiple droplets in the micron size range. These results show that a miscible 

oil/surfactant mix is needed to produce a good o/w self-emulsifying systems.
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3.6 Conclusions

The results indicate that the self-emulsifying behaviour is specific to the oil, surfactant 

and oil/surfactant mix. The polarity of the system appears to influence the self- 

emulsifying behaviour. The polarity of the formulation is determined by the size of the 

PEG group, chain length of the fatty acid, degree o f unsaturation, HLB o f the surfactant 

and the oil/surfactant ratio. In general, hydrophilic mixes exhibited superior self- 

emulsifying behaviour producing o/w droplets providing the oil/surfactant mix was 

miscible. More specifically, triglycerides o f medium chain length and large hydrophilic 

PEG groups produced superior self-emulsifying systems. In contrast, hydrophobic oils 

and oil/surfactant mixes favoured multiple droplet formation, with moderate self- 

emulsifying properties. However, the self-emulsifying behaviour o f hydrophobic oils 

was improved by increasing the percentage of hydrophilic surfactant. In particular, a 

marked improvement in the self-emulsifying behaviour was noted at point o f phase 

inversion.

The specificity of the oil, surfactant and oil/surfactant ratio on further examination can 

provide an insight into a possible mechanism o f formation. In the next chapter a 

relationship between the self-emulsifying behaviour, the interfacial phenomena and 

liquid crystal formation will be investigated.
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4. FORMATION MECHANISMS FOR SELF- 

EMULSIFYING SYSTEMS

4,1 Introduction

The free energy associated with the émulsification process (AG) may be given by

AG = 'Ŷ N7rr̂ G-

where N  is the number o f droplets with radius r and cr is the interfacial energy (Reiss, 

1975). The free energy of formation is a direct function of the energy required to create 

a new surface between two phases. Conventional oil/water dispersions are 

thermodynamically unfavourable as the extended interface between the two phases 

produces an untenable increase in the interfacial energy resulting in a positive free 

energy o f formation. External energy is therefore required to create conventional 

emulsion systems. Over a period o f time the two phases will separate, reducing the 

interfacial tension and the free energy o f the system. Surfactants work on the principle 

o f reducing the interfacial tension and possibly by forming a layer around the emulsion 

droplet to provide a barrier against coalescence. Nevertheless, separation is merely 

prolonged as conventional emulsions are still thermodynamically unfavourable. As the 

spontaneous formation of an interface between oil and water phases is energetically 

unfavoured, the concept of the mechanism o f self-emulsification raises immediate 

conceptual difficulties. Gad (1878) first observed a similar phenomenon described as 

spontaneous émulsification. Three main mechanisms o f formation have been proposed 

to explain spontaneously occurring emulsions, namely: interfacial turbulence, diffusion 

and stranding and negative interfacial tension.
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4.1.1 Mechanisms for spontaneous émulsification

4.1.1.1 Interfacial turbulence

The theory suggests that spontaneous émulsification results fi*om local reductions in 

interfacial tensions producing turbulent interfacial activity. Two liquids initially brought 

in contact are not in equilibrium. Interfacial instabilities are proposed to arise from a 

local reduction in interfacial tension caused by the formation o f soap spots, or the non- 

uniform adsorption of solute molecules. As a result, violent spreading and turbulence 

occurs leading to unsteady motions along the interface. This is expressed as kicking 

motions, where fingers or streamers start out from one phase and travel through the 

other phase where they disintegrate into smaller droplets. The stabilisation of droplets 

may occur by another mechanism not necessarily related to the initial formation 

process. For example, spontaneous émulsification has been observed when a 

hydrocarbon oil is placed on water containing a detergent. The detergent molecules 

exhibit surfactant properties and stabilise the droplets formed. Davies and Haydon 

(1957) and Kaminski and McBain (1949) have observed further examples. A schematic 

representation o f interfacial turbulence is presented in Figure 4.1.

Figure 4.1 A schematic representation of interfacial turbulence. Lamellae are thrown out 
because of interfacial agitation and break up into droplets
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4.1.1.2 Diffusion and stranding

Rashevsky (1928) theoretically envisaged the mechanism of diffusion and stranding 

where spontaneous émulsification occurs with little or no interfacial turbulence. It was 

suggested that a water-soluble component present initially in an oily phase system, on 

dilution with water, diffuses or migrates into the aqueous phase carrying with it some 

oil. Therefore, the immiscible oil phase is ‘stranded’ or emulsified, at least temporarily 

in the water phase as tiny droplets (Kaminski and McBain, 1949). Gurwitsch (1913) and 

McBain and Woo (1933) observed examples o f spontaneous émulsification by diffusion 

and stranding. For example, spontaneous emulsion formation was observed when a mix 

o f toluene and methanol was added to the bulk phase water. However, an emulsion was 

not formed when pure toluene was placed over water. It is proposed that columns of 

alcohol diffuse into the water layer carrying with it some toluene. After significant 

migration away from the interface, the toluene precipitates out as droplets. A schematic 

representation of diffusion and stranding is depicted in Figure 4.2.

Figure 4.2 A schematic representation of diffusion and stranding. Oily droplets are 
dragged by the diffusion of water-soluble components to the water phase where 
they are subsequently stranded
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4.1.1.3 Negative interfacial tension

The theory o f negative interfacial tension, the most controversial mechanism for 

spontaneous émulsification, can be considered as an extension o f interfacial turbulence. 

It is proposed that interfacial instabilities caused by non-uniform adsorption of soap 

spots or solutes results in an instantaneous negative interfacial tension. In response, the 

interface spontaneously increases in size thus producing emulsion droplets and 

considerable surface undulations. The droplets however have positive interfacial 

tensions and are stabilised in the usual way. For example, Kaminiski and McBain 

(1949) demonstrated that this phenomenon occurred when xylene was placed upon 

moderately dilute solutions o f dodecylamine hydrochloride. Similarly, an investigation 

by Von Stackelbury et al (1949) concluded that spontaneous émulsification may be 

connected with negative interfacial tensions. It was noted that between a particular pH 

range o f the aqueous phase a negative interfacial tension was suggested which was 

associated with spontaneous émulsification. In this study, interfacial tensions were 

calculated using an extrapolated method which may not be accurate. In addition, for 

many experimental studies static equilibrium interfacial tensions are measured which 

although result in positive tensions cannot rule out the existence of transient dynamic 

negative tensions. A schematic representation of the interface is displayed in Figure 4.3.

Figure 4.3 A schematic diagram of negative interfacial phenomena. A region of negative 
interfacial tension spontaneously breaks up into droplets as a result of an 
expanding interface expressed as surface undulations
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Several studies indicate that the mechanisms described in the literature are not mutually 

exclusive, though one mechanism may dominate. For example, in an experiment 

conducted by Kaminiski and McBain (1949), xylene was gently placed on the surface of 

a detergent aqueous phase. Spontaneous émulsification occurred as a result of 

turbulence caused by non-uniform adsorption o f detergent molecules resulting in 

unequal interfacial tensions. Droplets were formed by eddy currents and stabilised by 

the detergent molecules present in the bulk. Despite citing interfacial turbulence as the 

main mechanism, solubilisation of xylene molecules by colloidal detergent particles 

could also be a contributing factor. For this to occur, xylene molecules must move 

across the interface perhaps by diffusion and stranding. In addition, when ferric chloride 

in nitrobenzene was placed on a detergent solution previously saturated with the 

hydrocarbon, spontaneous émulsification was inhibited. These studies indicate that 

migration and subsequent solubilisation o f hydrocarbon molecules plays a crucial role 

in spontaneous émulsification and that several mechanisms can occur for a single 

system.

4.1.2 Mechanisms for self-emulsifying systems

Over the past 30 years, literature describing emulsion formation by self-emulsification 

opposed to ‘spontaneous’ formation have cited several theories for their formation. The 

question arises whether self-emulsifying emulsions are truly spontaneous in the 

thermodynamic sense (i.e. the free energy o f formation is negative) or merely require 

less energy than conventional emulsions. A review o f these proposed theories of 

formation needs to be examined in combination with those described above for 

spontaneous émulsification in order to explore the mechanisms o f formation for 

Labrafil/surfactant formulations.

In a recent review by Pouton (1997) two mechanisms, dependent on the aqueous 

solubility o f the oil/surfactant mix, were associated with self-emulsification. Self- 

emulsification o f a water-insoluble system is proposed to occur by initial water 

penetration resulting in interfacial disruption. Here self-emulsification is associated with 

liquid crystal formation and the phase inversion temperature (PIT). The second 

mechanism, describes the self-emulsification of a water-soluble system by a process of
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diffusion and stranding as described in section 4.1.1. Liquid crystals are not found in 

these systems. The literature surrounding the proposed mechanisms for self- 

emulsification will be described in more detail below.

4.1.2.1 Liquid crystal formation and the phase inversion temperature

Early work considered the association between self-emulsifying behaviour and the 

tendency o f the oil/surfactant system to form liquid crystals. Miller and Fort (1976) 

have been able to demonstrate that the formation o f weakly biréfringent material at the 

oil/water interface is often associated with low interfacial tensions. Groves and Mustafa 

(1974b) developed a method of quantitatively assessing the ease o f émulsification by 

monitoring the turbidity o f the oil/surfactant system in a water stream, using phosphated 

nonylphenoloxylate (PNB) and phosphated fatty alcohol ethoxylate (FEE) in n-hexane. 

The émulsification time (expressed as the equilibration time) was related to the phase 

behaviour, as shown in Figure 4.4. It was evident that a formulation consisting of a 1:1 

ratio of PNEiPFE produces superior self-emulsifying emulsions. Previous studies 

(Groves et al, 1974a) had indicated that these mixes existed in liquid crystal and gel 

phases in water, depending on the composition. Consequently, the equilibrium phase 

behaviour was related to the spontaneity o f émulsification, with liquid crystal-forming 

compositions tending to form emulsions more readily, as indicated by lower equilibrium 

times. In addition, the self-emulsifying properties were found to be sensitive to the type 

o f liquid crystalline phase initially formed. This was related to the hydrophilicity of the 

liquid crystal and the ease with which water molecules can penetrate to expand the 

interface (as opposed to trying to reduce it). To accommodate an expanding interface, 

dispersed droplet formation occurs which manifests as spontaneous émulsification.
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Figure 4.4 The effect of changing the n-hexane concentration on the emulsion 
equilibration time for systems containing different proportions of phosphated 
nonylphenolethoxylate (PNE) and phosphated fatty alcohol ethoxylate (PFE)(é) 
system containing 9:1 PNE:PFE, (o) system containing 1:9 PNE.PFE, (^) 
system containing 1:1 PNE. PFE. (a) mixture consist of middle phase liquid 
crystal, (b) mixture consists of gel phase, and (c) mixture consists of neat phase 
liquid crystal (reproduced from Groves and Mustafa 1974b)
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Further investigations by Groves and De Galindez (1976) involved a more extensive 

study into the correlation between the ease o f émulsification and the phase behaviour of 

pharmaceutically relevant oil/surfactant/water systems. Comparisons were made 

between equilibrium phase diagrams noting the presence o f liquid crystals and a visual 

assessment o f the ease of émulsification. A correlation between the ease o f emulsion 

formation and the presence o f liquid crystals was found for liquid paraffin and isopropyl 

myristate, Tween 80 and Span 80 mixes as shown in Figures 4.5a and 4.5b. However no 

such parallel was observed for benzyl alcohol and dimethicone. This may have been at 

least partially a reflection o f the differences between phase equilibrium studies 

involving the addition of limited quantities o f water compared to kinetic studies where 

émulsification occurs in an excess aqueous phase.
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Figure 4.5a Equilibrium phase diagram at 25 T fo r  liquid paraffin, Tween 80 and Span 80.
Liquid crystalline areas indicated fo r  changing water concentrations: 15%
w/w w a te r   (lamellar phase), 20% w/w w a te r  (lamellar phase)
25% w/w water o (lamellar phase) , 30% w/w water ■ ■ (hexagonal phase), 
35% w/w water •  •  (hexagonal phase) (reproduced from  Groves and De 
Galindez 1976)
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Figure 4.5b The effect o f  composition on the ease o f  emulsion formation fo r  liquid paraffin, 
Tween 80 and Span 80 systems. The area enclosed between the heavy broken 
line has ’good’ spontaneity and the light broken line 'moderate' spontaneity, 
the remainder is ‘p o o r ’ (reproduced from  Groves and De Galindez 1976)
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Iranloye and Pilpel (1984) examined a range o f pure hydrocarbon oils further supported 

the correlation between liquid crystal formation and self-emulsification. A correlation 

between the extent of liquid crystal formation, the oil/water interfacial tension and the 

ease o f émulsification was noted. Later studies included those o f Pouton (1985a) who 

examined the relationship between particle size and composition o f Miglyol 812/Tween 

85 mixes, demonstrating marked composition dependence o f the émulsification process 

related to the ability to form liquid crystals. Similar observations were noted with 

Miglyol 812 and Tagat TO mixes (Wakerly et al, 1986a). The efficiency o f self- 

emulsification was associated with the formation o f specific lamellar liquid crystals.

Further studies by Pouton et al (1987) found a dependence o f self-emulsifying 

efficiency with temperature. The most efficient Miglyol 812/Tagat TO mix 

corresponded to the formation o f lamellar liquid crystals and the apparent phase 

inversion temperature of the system. Previous reports have suggested that ultra low 

values of interfacial tension occur at the point of phase inversion (Miller and Fort, 1976; 

Wilson and Brandner, 1977). The surfactant is highly mobile at the phase inversion 

temperature, hence the o/w interfacial energy is minimised, leading to a reduction in 

energy required to cause émulsification (Wilson and Brandner, 1977; Pouton, et al, 

1987). A general mechanism for self-emulsification has been suggested to occur in three 

stages (Groves, 1978; Wakerly et al, 1986a; Pouton et al, 1987). Initially, water 

penetrates into the oil phase containing surfactant material and continues to penetrate 

forming a liquid crystalline phase (the penetration rate is dependent on the type of liquid 

crystal). As the amount of water exceeds the oil solubility limits, surface pressure rises 

decreasing the interfacial tension and causing an expansion o f the interface. This leads 

to interfacial instability and turbulence resulting in droplet formation.
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4.1.2.2 The Maragoni effect

Kislalioglu and Friberg (1974) and more recently Gershanik and Benita (1996) have 

questioned the necessity of oil/surfactant/water liquid crystal formation as a pre

requisite for satisfactory émulsification. Kislalioglu and Friberg (1976) observed liquid 

crystals at the oil/surfactant/water interface for the majority o f the mixes investigated 

but this was not an essential feature for satisfactory émulsification for all systems. 

Gershanik and Benita (1996) examined the self-emulsifying behaviour o f Tween 80, 

benzyl alcohol, ethyl oleate and oleylamine mixes. It was suggested that self- 

emulsification is associated with the initial penetration o f water into the oil/surfactant 

mix, followed by secondary water penetration taking place due to the establishment of 

concentrated surfactant structures. In addition, rapid diffusion o f benzyl alcohol (a 

hydrophilic component) from the organic phase may induce convection currents and 

interfacial turbulence. This in turn results in disruption o f the oil/water interface and the 

spreading o f the emulgent on the droplet surface. This is known as the Maragoni effect, 

reported to occur due to variations of surface tensions with changes in temperature or 

surfactant concentrations (Rednikov et al, 1994). The process described appears similar 

to that of a combination of diffusion and stranding and interfacial turbulence described 

in section 4.1.1.

4.1.2.3 Phase inversion and aqueous solubilisation

In an earlier study Lin et al (1975) reported the initial surfactant location was pertinent 

to the quality of the emulsion formed. I f  the surfactant was initially placed in the oil 

phase, reproducible emulsions were formed with small droplets o f uniform size 

distribution with minimum agitation. However, the same emulsion prepared by placing 

the surfactant in the aqueous phase produced an unstable emulsion with coarse droplets. 

Two separate mechanisms for émulsification were proposed. Mechanism A describes 

émulsification via an intermediate multiple emulsion stage produced when the 

surfactant is initially placed with the oil phase resulting in small stable droplets. A 

schematic diagram for Mechanism A is shown in Figure 4.6a. The first phase describes 

the formation of inverse surfactant micelles able to create a suitably hydrophilic 

environment to solubilise external water to form a primary w/o emulsion. On continued
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mixing with water a w/o/w emulsion results. If the surfactant employed favours a final 

o/w emulsion (i.e. it has a high HLB), surfactant migration occurs from the w/o 

interface of the multiple droplets to the external aqueous phase. Destabilisation o f the 

inner w/o interface destroys the multiple structure to form a final o/w emulsion. This 

phenomenon is known as phase inversion. Many early studies noted the appearance of 

multiple droplets during the phase inversion of ordinary emulsions (Seifiiz, 1925). Lin 

et al (1975) suggests the destruction o f multiple droplets requires very little energy as 

the driving force stems from surfactant migration. Therefore efficient émulsification 

occurs (small droplet size) with a minimum of energy input. However, multiple w/o/w 

droplets are not always observed and can only be seen if  the transition from w/o to o/w 

is slow. Multiple emulsion formation is therefore a transient step in the phase inversion 

process. From the theoretical considerations discussed above, the following conditions 

are required for Mechanism A to occur:

1. The surfactant must be oil-soluble and initially placed in the oil phase to solubilise 

external water to form the primary w/o emulsion and subsequently the internal 

phase of a w/o/w multiple emulsion. If the surfactant is very hydrophilic and 

insoluble in the oil phase, migration to the aqueous phase would result without 

water solubilisation. Conversely, if  the surfactant is too hydrophobic it will not 

migrate to the aqueous phase for phase inversion to occur and form the desired final 

o/w emulsion.

2. The surfactant must solubilise or emulsify a proportion o f the external aqueous 

phase to form the primary w/o emulsion. Lin et al (1977) examined the relationship 

between a number o f oil/surfactant mixes and the extent o f water solubilisation. A 

correlation between the maximum aqueous solubilisation and the efficiency of 

émulsification, denoted by small droplet size with minimal external agitation (motor 

paddle set at 150 rpm) was noted. However, liquid crystal formation was not 

examined in this study and therefore its involvement cannot be ruled out. According 

to Lin et al (1977) the phase inversion point should correspond to the point of 

maximum aqueous solubilisation.

3. Phase inversion from the w/o to an o/w emulsion must take place.
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Mechanism B describes a theoretical process when the surfactant is initially placed in 

the external aqueous phase. Initial water solubilisation does not occur due to the absence 

o f surfactant present in the oil phase. A primary w/o emulsion and subsequent multiple 

droplet formation does not occur. Therefore phase inversion to an o/w emulsion is not 

possible. Instead the oil is mixed into the aqueous phase and as mixing continues 

droplet size decreases. In this case the final droplet size is dependent on the intensity of 

the applied mechanical agitation. At high speeds o f agitation, smaller droplets are 

produced whereas larger droplets are produced at slower speeds. Figure 4.6b is a 

schematic representation o f Mechanism B.
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Figure 4.6a Mechanism A: The surfactant is initially placed in the oil phase, where (a) 
represents a w/o primary emulsion, (h) w/o/w tnultiple droplets and (c) o/w 
simple emulsion after surfactant migration and phase inversion

#  #  
#  m #

(a) w/o (b) w/o/w (c) o/w

Figure 4.6h Mechanism B: The surfactant is initially placed in the aqueous phase, where 
(a) and (h) represent an o/w simple emulsion with a progress decrease in 
droplet size dependent on the intensity o f  applied external agitation

o

(a) (b)
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4.2 Present Investigation

The aim o f this investigation is to gain an insight into a possible mechanism of self- 

emulsifying simple o/w and multiple w/o/w systems. Several theories on spontaneous or 

self-emulsification have been detailed in section 4.1. Many Labrafil/Tween 80 

emulsions form multiple droplets. The theory presented by Lin et al (1975) may be 

responsible for the self-emulsifying behaviour reported for this system. In addition, 

specific interfacial features previously noted in cases o f spontaneous émulsification 

such as interfacial turbulence and the formation o f liquid crystals need to be examined. 

The Labrafil oils employed in this study represent oils that exhibit varying self- 

emulsifying properties and a variety of physicochemical properties. The following oils 

are investigated: Labrafac Lipophile WL 1349 (MCT, HLB 1, water-insoluble), Labrafil 

M 1944 CS (LCT, PEG 8, HLB 4, water-dispersible), Labrafac CM 10 (MCT, PEG 

200, HLB 10, water-dispersible) and Labrasol (MCT, PEG 400, HLB 14, water- 

soluble). Tween 80 was employed for these studies.

The following characteristics were investigated:

1. Interfacial features, for example evidence of turbulence/no turbulence, interface 

expansion expressed as surface undulations and the presence, rate and extent of 

liquid crystal formation was noted for all four oils over a series o f oil/surfactant 

mixes.

2. Effect o f surfactant location on droplet structure and size was investigated for a 

predominantly multiple droplet system (90% Labrafac Lipophile WL 1349/10% 

Tween 80 and 90% Labrafil M 1944 CS/10% Tween 80) and a simple o/w system 

(60% Labrafil M 1944 CS/40% Tween 80).

3. The extent o f aqueous solubilisation was examined for a series o f oil/surfactant 

mixes for Labrafac CM 10, Labrafil M 1944 CS and Labrafac Lipophile WL 1349 

with Tween 80.
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43 Experimental Methods

4 .3 .1 In terfacial p h en o m en a

A ll four L abrafil o i ls  w ere in v estig a ted  in co m b in a tio n  w ith  T w e en  8 0  from  100%  o il to  

70%  o il/3 0 %  surfactant. A  drop o f  o il-su rfactan t w a s p laced  to o n e  en d  o f  a m icr o sco p e  

s lid e . A  d rop let o f  d is t ille d  w ater w as then p laced  ad jacent to the o il/su rfa cta n t drop  

(F igu re 4 .7 ) .  T h e p o in t o f  co n ta ct w as o b serv ed  under an O ly m p u s B X 5 0  d ifferen tia l 

in terferen ce contrast m icr o sco p e  and reeorded  b y  p h oto m icro g ra p h y  u sin g  a N ik o n  

cam era  and a v id e o  recorder. C ross polars w ere e m p lo y e d  to d etect the p resen ce  o f  

liq u id  crysta ls.

Figure 4.7 The point o f contact between the oil and water droplet was observed under 
differential interference contrast and cross polar conditions

w ater p o in t o f  con tact o il/su rfactan t

131



Chapter 4 Formation Mechanisms fo r  Self-Emulsifying Systems

4 3 -2 -  - The effect o f initial surfactant location

4.3.2.1 Effect o f surfactant location on multiple emulsion formation

In order to determine a possible mechanism for self-emulsifying multiple emulsions, the 

effect o f surfactant location was examined on 90% Labrafac Lipophile/10% Tween 80 

and 90% Labrafil M 1944 CS/10% Tween 80 mixes. These formulations produced 

predominantly multiple droplet systems as determined in Chapter 3.

75pl o f Tween 80 was initially placed in 300mls of distilled water to which 225pl of oil 

was added (method A). 250pl (%v/v) o f a 90% oil/10% surfactant mix in combination 

was added to 300mls o f distilled water (method B). As in previous experiments the 

emulsion was mixed using a rotor paddle set at 100 rpm for 10 minutes to ensure a 

homogenous system for particle size analysis without imparting excessive energy. The 

Malvern Mastersizer S was used to measure the size distribution. The droplet structure 

was determined under an Olympus BX50 differential interference contrast microscope.

4.3.2.2 The effect o f surfactant location on simple o/w formation and the phase

inversion point

60% Labrafil M 1944 CS/40% Tween 80 mix was chosen as an example of a system 

that has undergone partial phase inversion. Both multiple and simple droplets were 

observed under the microscope but in terms o f a volume ratio the percentage of small 

o/w droplets is much larger. The effect o f surfactant location was determined by varying 

the initial distribution o f surfactant in the oil and aqueous phase, while keeping all other 

factors constant. The percentage of surfactant present in the oil phase investigated was 

100%, 50% and 0%. Particle size analysis was determined by the Malvern Mastersizer S 

to obtain general information on the size distribution. Droplet structures were examined 

under an Olympus BX50 differential interference contrast microscope.
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4.3.3 The extent of water solubilisation

The extent of water solubilisation was determined by measuring the volume o f distilled 

water solubilised in lOmls o f the oil/surfactant at 20°C. From Chapter 3, several oils 

displayed distinct changes in droplet character from a predominant multiple emulsion to 

a simple emulsion system. This point is thought to represent partial or complete phase 

inversion. The extent o f aqueous solubilisation for the following oils were studied: 

Labrafac Lipophile WL 1349, Labrafil M 1944 CS and Labrafac CM 10. Water was 

added in increments o f lOpl using a Gilson PIG. The solubilisation limit was defined as 

the maximum volume of water solubilised in the oil/surfactant mix to the point where 

the mix turned cloudy. 90% Labrafac Lipophile WL 1349/10% Tween 80 to 70% 

Labrafac Lipophile WL 1349/30% Tween 80 mixes were cloudy prior to the addition of 

water. This is because the hydrophilic surfactant Tween 80 (HLB 15) is immiscible with 

very hydrophobic oils such as Labrafac Lipophile WL 1349 (HLB 1). For these mixes 

water was added in a step wise fashion until the surfactant was miscible in the mix and 

the sample turned clear (Lin et al, 1977). From this point forward the volume of water 

required to turn the mix cloudy again was noted as the solubilisation limit. All samples 

were stirred for 24 hours to ensure equilibrium had been reached and were performed in 

triplicate. The results are expressed as the maximum volume of water solubilised in 

lOmls o f oil/surfactant mix at 20°C.
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4.4 Results

4.4.1 Interfacial phenomena

Many oil/surfactant mixes displayed violent and rapid turbulence that was difficult to 

capture using standard photographic techniques. These features were then recorded 

using a video recorder. The video clip presented with this thesis shows the interfacial 

behaviour for 80% Labrafac Lipophile WL 1349/20% Tween 80 as an example o f rapid 

and violent turbulence.

Several features noted in cases o f spontaneous émulsification were observed at the 

interface. In most cases, several features were noted but the process was dominated by 

one particular mechanism. For Labrasol (MCT, PEG 400, HLB 14, water-soluble) 

diffusion and stranding was the main method o f émulsification although some 

interfacial turbulence was observed (Figure 4.8). In contrast, interfacial turbulence 

played a major role in the émulsification o f Labrafac CM 10 (MCT, PEG 200, HLB 10, 

water-dispersible) and Labrafil M 1944 CS (LCT, PEG 8, HLB 4, water-dispersible) 

mixes, however the initial stages of émulsification displayed features o f diffusion and 

stranding. Figure 4.9 displays features of the oil phase kicking into the water phase 

where droplets were formed. Similar features have been described Davies and Haydon 

(1957) described in section 4.1.1.1. Figure 4.10a shows evidence of interfacial 

turbulence along the interface of 90% Labrafac CM 10/10% Tween 80 and water, 

whereas Figure 4.10b displays the same interface as Figure 4.10a but under cross polar 

conditions. This photomicrograph indicates the presence o f interfacial liquid crystals 

discussed in the next section. Figure 4.11 shows droplet formation produced fi'om an 

extended interface expressed as a large undulation for 40% Labrafil M 1944 CS/60% 

Tween 80. This feature has been previously reported when spontaneous émulsification 

occurs as a result o f a transient negative interfacial tensions (see previous Figure 4.3). 

Interfacial turbulence was also cited as the main mechanism for Labrafac Lipophile WL 

1349 (water-insoluble). In addition, for this oil an expansion o f the interface expressed 

as distinct undulations was observed for 60% oil/40% surfactant to 30% oil/70% 

surfactant mixes (Figure 4.12) perhaps indicating a negative interfacial tension.
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Figure 4.8 Interfacial behaviour observed a t the interface o f  100% Labrasol and water. 
Predom inant mechanism is diffusion and stranding, very little interfacial 
turbulence is noted (the bar represents 100pm )

Figure 4.9 Kicking motions observed at the interface o f  60% Labrafil M  1944 CS/40%> 
Tween 80 and w ater (the bar represents 100pm  ---------  )
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Figure 4.10a Interfacial turbulence observed at 90%  Labrafac CM ! 0/10%  Tween 80 and 
water interface observed under DIG lighting (the bar represents 100pm  )

..y

Figure 4.10b Liquid crystal observed at 90% Labrafac CM  10/10%  Tween 80 and water 
interface under cross polars (the bar represents 100pm --------- )
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Figure 4. I I  Interfacial turbulence and droplet formation at 40% Labrafil M  1944 CS/60% 
Tween 80 and water interface (the bar represents 100pm------- )

Figure 4.12 Interfacial expansion expressed as undulations observed at the interface 
between 30%> Labrafac Lipophile WL 1349/70%) Tween 80 and water (the bar 
represents 100p m  )

<r
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4.4.2 Liquid crystal formation

The extent and formation of liquid crystals at the interface was also dependent on the 

particular oil and oil/surfactant mix. Liquid crystals were not observed at 100% 

oil/water interface for any o f the oils in the absence o f Tween 80. In addition, liquid 

crystals were not observed for any Labrasol/Tween 80 combination. The presence of 

liquid crystals were noted for 90% oil/10% surfactant to 30% oil/70% surfactant for 

Labrafac CM 10 and Labrafil M 1944 CS (Figures 4.10b and 4.13b respectively). 

However the prominence was much reduced for 90% oil/10% surfactant and 80% 

oil/20% surfactant for Labrafil M 1944 CS. In addition, liquid crystal formation 

occurred at a slower rate for 90% Labrafac CM 10/10% Tween 80 to 70% Labrafac CM 

10/30% Tween 80. In contrast, liquid crystals were noted for a limited oil/surfactant 

range for Labrafac Lipophile WL 1349/Tween 80 mixes. Liquid crystals were absent for 

90% oil/10% surfactant to 60% oil/40% surfactant and were only observed at the 

interface o f 50% oil/50% surfactant to 30% oil/70% surfactant. White birefringence was 

noted in all cases which represents lamellar phase liquid crystals (Tyle, 1989). 

Formation o f liquid crystals took place towards the oil phase whilst émulsification 

occurred towards the aqueous phase, this was also observed by Kislalioglu and Friberg, 

(1976).
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Figure 4.13a A detailed view o f  the interface o f  40% Labrafil M 1944 CS/60% Tween 80 and 
water under DIC lighting (the bar represents lOOpm -------)

Figure 4.13b Lamellar phase liquid crystals observed at the interface o f  40%> Labrafil M  
1944 CS/60%) Tween 80 and water under cross polars (the bar represents 
100pm ------ )
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4.4.3 The effect of initial surfactant location

4.4.3.1 The effect of surfactant location on multiple emulsion formation

Photomicrographs o f emulsion droplets obtained from method A (surfactant is initially 

placed in the aqueous phase) and method B (surfactant is placed with the oil phase) for 

Labrafac Lipophile WL 1349 and Labrafil M 1944 CS are displayed in Figures 4.14 and 

4.15 respectively.

Placing the surfactant in the aqueous phase prior to the addition o f the oil phase fails to 

produce good quality multiple droplets (method A, Figure 4.14a). Small specks of water 

are present when the surfactant is initially placed in the water phase. In contrast, well- 

defined large inner droplets are produced when 90% Labrafac Lipophile WT 1349/10% 

Tween 80 are added together to the water phase (method B, Figure 4.14b). Similarly, 

irregular shaped and ill defined multiple droplets were produced for Labrafil M 1944 

CS prepared by method A as shown in Figure 4.15a (however poor quality inner 

droplets were produced by both methods for this oil).

From the particle size data presented in Table 4.1, it is clearly evident that for both oils 

placing the surfactant in the water phase produced significantly greater medium volume 

diameters (p <0.05). For example, a 50% increase in medium size was noted for 90% 

Labrafil M 1944 CS/10% Tween 80 when prepared by method A. In addition the 

standard deviation o f the sample was much greater for the emulsion prepared by method 

A for both oils indicating a poorly reproducible emulsion.

Table 4.1 The D (\, 0.5) and span values obtained by method A and B for 90% Labrafac 
Lipophile WL 1349 and 90% Labrafil M 1944 CS/10% Tween 80 emulsions

Formulation Average D (v, 0.5) pm 

(SD)

Span

90% Labrafac Lipophile WL 1349 (A) 294.9 (26.4) 1.37

90% Labrafac Lipophile WL 1349 (B) 176.5 (3.9) 1.38

90% Labrafil M 1944 CS (A) 62.2(11.2) 2.20

90% Labrafil M 1944 CS (B) 47.7 (3.4) 1.79
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Figure 4.14a Multiple droplets produced from  90% Labrafac Lipophile WL 1349/10% Tween 
80 by Method A, the surfactant is initially placed in the water phase (the bar 
represents 100p m  )

Figure 4.14b Multiple droplets produced from  90% Labrafac Lipophile WL 1349/10% Tween
80 by Method B, the surfactant is initially placed in the oil phase (the bar 
represents 100pm------ )

'
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Figure 4.15a Multiple droplets produced from  90% Labrafil M  1944 CS/10% Tween 80 by 
Method A, the surfactant is initially placed in the water phase (the bar 
represents 100pm------ )

Figure 4.15b Multiple droplets produced from  90% Labrafil M  1944 CS/10% Tween 80 by 
Method B, the surfactant is initially placed in the oil phase (the bar represents 
100pm ------ )

'W r--y
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4.4.3.2 The effect o f surfactant location on simple o/w formation and the phase

inversion point

The effect of initial surfactant location on the particle size distribution o f 60% Labrafil 

M 1944 CS/40% Tween 80 is presented in Figure 4.16. The particle size distribution 

opposed to the exact changes in droplet size gives a more meaningful reflection on the 

effects o f surfactant location. Typical images o f the type and size o f droplets produced 

are displayed in Figures 4.17a -  4.17c.

From these results it is evident that the initial location and proportional distribution of 

the surfactant has a significant effect on the type o f emulsion produced. When 100% of 

the surfactant was initially placed in the oil phase, both multiple w/o/w and simple o/w 

droplets were produced. However, the predominant droplet structure by volume was 

simple o/w droplets. This was reflected by the y-axis o f the particle size distribution 

data displayed in Figure 4.16 and photomicrograph Figure 4.17a. As noted previously 

two distinct size populations are produced, represented by peak A and peak B. It was 

postulated that particles present in peak A were mainly smaller simple droplets whereas, 

particles present in peak B were predominantly large multiple droplets. Altering the 

proportion o f surfactant placed in the oil and water phase prior to émulsification has a 

significant effect on the percentage of droplets in peaks A and B. For example, as the 

proportion o f surfactant decreased from 100% in oil to 50% in the oil phase/50% in the 

aqueous phase, a sharp increase in the percent frequency o f droplets in peak B was 

noted with a concomitant decrease in droplets in peak A. Furthermore when 100% 

surfactant was placed in the aqueous phase, droplets in peak A completely disappeared 

while the percentage o f droplets in peak B significantly increased. The change in droplet 

size reported in Figure 4.16 were supported by microscopic observations. As the 

percentage o f surfactant in the aqueous phase was increased, the number of large 

multiple droplets increased and the number of smaller o/w simple droplets decreases. 

However as noted in the previous experiment, the quality o f the multiple droplets 

deteriorated when the surfactant was placed in the water phase.
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Figure 4.16 The effect o f initial surfactant location on the particle size distribution fo r  60% 
Labrafil M/40% Tween 80. The percentage o f Tween 80 indicates the 
percentage o f Tween 80 placed with the oil phase prior to addition o f water

%
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Figure 4 .17a Emulsion droplets produced from  60% Labrafil M 1944 CS/40% Tween 80 
emulsion where 100% surfactant was initially placed in the aqueous phase. 
Large poorly developed multiple droplets were observed (the bar represents 
100pm -------)
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Figure 4.17b Emulsion droplets produced from  60% Labrafd M  1944 CS/40% Tween 80 
emulsion where 50%o surfactant was initially placed in the aqueous phase. A 
mixture o f  large multiple and smaller simple droplets were observed (the bar 
represents 100p m ------ )

Figure 4.17c Emulsion droplets produced from  60%) Labrafd M  1944 CS/40% Tween 80 
emulsion where 0% surfactant was initially placed in the aqueous phase (all in 
the oil phase). Small simple and multiple droplets were observed. A few  larger 
multiple droplets were also noted (the bar represents 100pm------- )

/:>... / m s i
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4.4.4 The extent o f water solubilisation

The extent of aqueous solubilisation expressed as the volume o f water solubilised in 

lOmls o f oil/surfactant at 20°C is presented in Tables 4.2 - 4.4. * denotes the 

oil/surfactant mix at which there is a sudden increase in the solubilisation capacity. For 

Labrafil M 1944 CS this point corresponded to a 70% oil/30% Tween 80 mix and 50% 

oil/50% Tween 80 for Labrafac Lipophile WL 1349 and Labrafac CM 10.

Table 4.2 The solubilisation limit (pl/lOml) for Labrafil M 1944 CS/Tween 80 mixes at

20 x:

Oil/Surfactant Mix Solubilisation Limit (pi/10ml)

+/- 20pl

100% oil 70

90% oil/10% surfactant 80

80% oil/20% surfactant 100

70% oil/30% surfactant 830 *

60% oil/40% surfactant 1010

50% oil/50% surfactant 1240

40% oil/60% surfactant 1500

30% oil/70% surfactant 1550
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Table 4.3 The solubilisation limit (pU 10ml) for Labrafac Lipophile WL 1349/Tween 80 
mixes at 20 ‘C

Oil/Surfactant Mix Solubilisation Limit (p.l/10ml) 

+/- 20pl

100% oil 20

90% oil/10% surfactant 50

80% oil/20% surfactant 80

70% oil/30% surfactant 180

60% oil/40% surfactant 270

50% oil/50% surfactant 1290*

40% oil/60% surfactant 2220

30% oil/70% surfactant 2600

Table 4.4 The solubilisation limit (pi/10ml) for Labrafac CM 10/Tween 80 mixes at 20 °C

Oil/Surfactant Mix Solubilisation Limit (|xl/10ml) 

+/- 20^1

100% oil 580

90% oil/10% surfactant 590

80% oil/20% surfactant 600

70% oil/30% surfactant 650

60% oil/40% surfactant 770

50% oiV50% surfactant 3000+ *

40% oil/60% surfactant 3000+

30% oil/70% surfactant 3000+
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4.5 Discussion

4.5.1 Interfacial features associated with spontaneous or self- émulsification

The water-solubility of the system had a marked effect on the mechanism of 

émulsification. Pouton (1997) proposed that the mechanism for self-emulsification is 

specific to the solubility of the oil/surfactant mix. It was proposed that water-soluble 

oils undergo émulsification via diffusion and stranding. In comparison, water-insoluble 

oils emulsify by initial water penetration and liquid crystal formation, which causes an 

increase in interfacial pressure resulting in interfacial turbulence and droplet formation. 

The results obtained in this study support the behaviour proposed by Pouton (1997) to 

some extent. Labrasol, a water-soluble oil displayed interfacial features reported for 

diffusion and stranding, whereas water-dispersible oils, Labrafac CM 10 and Labrafil M 

1944 CS/Tween 80 mixes formed liquid crystals and displayed interfacial turbulence. 

Labrafac Lipophile WL 1349 (water-insoluble) also formed liquid crystals but only for 

selective oil/surfactant mixes which correlated with good self-emulsifying behaviour 

(50% oil/50% surfactant to 30% oil/70% surfactant). Yet interfacial turbulence was 

noted for all Labrafac Lipophile WL 1349/Tween 80 mixes independent of liquid 

crystal formation. These results imply that interfacial turbulence can occur in the 

absence o f liquid crystals. In this case, interfacial turbulence is likely to be due to non- 

uniform distribution o f surfactant molecules along the interface which was previously 

reported in several studies of spontaneous émulsification (Kaminiski and McBain, 1949; 

Davies and Haydon, 1957). Distinct surface undulations were observed for Labrafil M 

1944 CS/Tween 80 and Labrafac Lipophile WL 1349/Tween 80 systems. This feature 

indicates that the interface has expanded and may account for droplet formation for 

these self-emulsifying systems. Interfacial expansion has been associated with both 

mechanisms of interfacial turbulence and negative interfacial tension.
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4.5.2 Liquid ciy?tal fonnation and self-emulsifyiiîg properties

A correlation between the extent of liquid crystal formation and the ability of the 

oil/surfactant mix to self-emulsify was observed for Labrafac Lipophile WL 1349 

(MCT, HLB 1, water-insoluble). 50% oil/50% surfactant representing the point of phase 

inversion, displayed excellent self-emulsifying properties with droplets in the 

submicron range and formed liquid crystals at the interface. Conversely, the absence of 

interfacial liquid crystals correlated with poor self-emulsifying properties for 100% oil 

to 60% oil/40% surfactant. A clear relationship was not observed for Labrafil M 1944 

CS (LCT, PEG 8, HLB 4, water-dispersible). Liquid crystal formation occurred over a 

wide oil/surfactant mix from 90% oil/10% surfactant to 30% oil/70% surfactant. 

However, the self-emulsifying behaviour only improved substantially from 60% 

oil/40% surfactant. Nevertheless, prominent liquid crystal formation occurred from 70% 

oil/30% surfactant suggesting the extent of formation could be related to the self- 

emulsifying behaviour. All Labrafac CM 10 (MCT, PEG 200, HLB 10, water- 

dispersible) formulations produced excellent self-emulsifying systems and with the 

exception o f 100% oil produced interfacial liquid crystals. In contrast, all Labrasol 

(MCT, PEG 400, HLB 14, water-soluble) systems displayed excellent self-emulsifying 

properties but did not form liquid crystals. These results suggest that liquid crystal 

formation is not a pre-requisite for a good self-emulsifying formulation. Nevertheless,

the presence and extent o f liqujd^crystals at the_interface-appearsJLoJbe associated with 

the ability o f water-insoluble/dispersible oil/surfactant mixes to self-emulsify. In

addition, these results support the suggestion by Pouton (1997) that water-insoluble 

oil/surfactant mixes are likely to form self-emulsifying systems via liquid crystal 

formation whereas water-soluble systems, like Labrasol are not associated with liquid 

crystal formation and self-emulsify by diffusion and stranding.

4.5.3 The role of surfactant location and solubilisation capacity for simple o/w

self-emulsifying systems

The results obtained from examining the effect o f surfactant location and the maximum 

solubilisation capacity in relation to the phase inversion point are consistent with the 

hypothesis proposed by Lin et al (1975). These authors suggested that to produce a fine
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o/w emulsion the surfactant needs to be placed in the oil phase prior to the addition pf 

water. The hydrophilic surfactant solubilises a portion o f the external water to form a 

primary w/o emulsion. On continued mixing with the bulk phase water a w/o/w droplet 

phase is produced. The hydrophilic surfactant then migrates to the bulk aqueous phase, 

thus destroying the multiple droplets to produce simple o/w droplets. This process, 

known as phase inversion, requires very little energy as the driving force stems from 

surfactant migration. In this study, the stabilising surfactant could be a combination of 

Tween 80 and other surfactants or co-surfactants naturally found in the oil phase (mono, 

diglycerides of PEG esters or monoglycerides). Surfactant migration is likely as the 

hydrophilic surfactant Tween 80 favours a final o/w emulsion. Tween 80 can also exist 

as micelles in the bulk water phase, as the concentration employed exceeds the critical 

micelle concentration. Micellar solubilisation of lipophilic surfactant material from the 

inner w/o interface can occur thus destabilising the inner w/o interfaces o f the multiple 

droplets.

The results from this study imply that simple o/w self-emulsification occurs via a phase 

inversion process through an intermediate multiple emulsion step. In addition, this 

process requires very little external agitation as the energy is derived from surfactant 

migration. For phase inversion to occur the surfactant must be placed in the oil phase in 

order to incorporate a sufficient amount o f water to produce good quality multiple 

droplets. At a specific oil/surfactant mix phase inversion from a predominantly multiple 

to a simple emulsion system occurs (see Chapter 3). The phase inversion point has been 

associated with good visual self-emulsifying behaviour and o/w droplets in the 

submicron size range. For example, 60% Labrafil M 1944 CS/40% Tween 80 produces 

a good self-emulsifying system with predominant simple o/w droplets in the submicron 

size range. For this oil/surfactant mix, substantial opposed to complete phase inversion 

occurs as a few multiple droplets are still present. Yet when Tween 80 was initially 

placed in the aqueous phase a predominantly multiple emulsion system (though o f poor 

quality) was formed suggesting that phase inversion had not occurred. These results 

suggest that for phase inversion to occur the surfactant must initially be placed in the oil 

phase.
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In a later study, Lin et al (1977) suggests that the oil/surfactant mix at which inversion 

occurs is likely to be related to the maximum solubilisation capacity. For phase 

inversion to occur the oil/surfactant mix has to solubilise a portion o f the external 

aqueous phase to form the primary w/o emulsion and thus the intermediate w/o/w 

system. The transition from a multiple to simple emulsion system occurs at varying 

oil/surfactant ratios depending on the nature of the oil. For Labrafac Lipophile WL 1349 

this transition occurred at 60% oil/40% surfactant, for Labrafil M 1944 CS at 50% 

oil/50% surfactant and Labrafac CM 10 at 90% oil/10% surfactant. For Labrafil M 1944 

CS and Labrafac Lipophile WL 1349 there is an approximate correlation with the point 

o f phase inversion and a substantial increase in the solubilisation capacity. In contrast, 

no distinct relationship was observed for Labrafac CM 10. Nevertheless, a relationship 

was observed between the solubilisation capacity o f 100% oil formulations and the 

ability o f the oil to self-emulsify. O f the three oils examined in this study, Labrafac CM 

10 showed the clearest tendency to self-emulsify followed by Labrafil M 1944 CS. In 

contrast, Labrafac Lipophile WL 1349 displayed poor self-emulsifying properties which 

were difficult to detect from visual examination (clear streaks from the interface without 

cloud formation, no mixing or spreading with the bulk phase water). Similarly, Labrafac 

CM 10 solubilised the greatest volume of water (580pl/10mls), followed by Labrafil M 

1944 CS (70pl/10mls) and Labrafac Lipophile WL 1349 (20pl/10mls). However the 

differences in the degree o f water solubilisation could merely be a reflection of the 

water-solubility o f the oil.

Furthermore a correlation between the solubilisation capacity and the formation of 

liquid crystals for water-insoluble systems was noted. For example, the absence of 

interfacial liquid crystals correlated with low solubilisation limits for 100% Labrafac 

Lipophile WL 1349 to 60% Labrafac Lipophile WL 1349/40% Tween 80 mixes. Yet 

50% oil/50% surfactant produced interfacial liquid crystals and exhibited a five-fold 

increase in solubilisation capacity. A similar relationship was observed for Labrafil M 

1944 CS. 90% oil/10% surfactant and 80% oil/20% surfactant, produced some 

interfacial liquid crystals and gave solubilisation limits o f 80 and lOOpl/lOml 

respectively. However, as the surfactant component was increased to 70% oil/30% 

surfactant more extensive liquid crystal formation was observed and the solubilisation 

limit increased by eight-fold to 830pl/10mls. These results imply that the formation of 

liquid crystals allows a greater percentage of aqueous solubilisation or penetration. This
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supports previous studies whieh have suggested that the presence and extent of liquid 

crystal formation is related to the spontaneity of émulsification droplets (Groves, 1978; 

Wakerly et al, 1986a; Pouton et al, 1987). The formation o f self-emulsifying systems 

has been related to the ability o f water to penetrate the liquid crystalline phase to expand 

the interface. More specifically the extent of water penetration, which is related to the 

ease of spontaneity has been shown to be dependent on the hydrophilicity of the liquid 

crystalline phase (Groves et al 1974b). As the amount o f water exceeds the oil solubility 

limits, surface pressure rises, decreasing the interfacial tension and causing an 

expansion o f the interface, which leads to droplet formation. The interface displays 

distinct undulations and interfacial turbulence. The penetration or solubilisation of water 

into a liquid crystalline phase is therefore essential to expand the interface for a water- 

insoluble mix to form a self-emulsifying system.

4.5.4 The role of surfactant location and solubilisation capacity for w/o/w

multiple self-emulsifying systems

Good quality multiple droplets can only be formed when the surfactant is placed in the 

oil phase. Poor quality droplets with unsatisfactory inner structures were observed if the 

surfactant was placed in the water phase. It has been suggested that a hydrophilic 

surfactant such as Tween 80 form inverse micelles when placed in the oil phase. The 

hydrophilic micellar core is able to solubilise a portion o f the external water to produce 

a primary w/o emulsion. Eventually with continued mixing with the bulk phase water, 

the solubilised water forms the inner water droplets o f a w/o/w multiple droplet. 

Conversely, if  the surfactant is initially placed in the water phase surfactant inverse 

micelles are not present to solubilise external water to form multiple droplets. Similarly, 

if  the oil/surfactant mix is immiscible, as in the case of 90% Labrafac Lipophile WL 

1349/10% Tween 80 to 70% Labrafac Lipophile WL 1349/30% Tween 80, the oil- 

insoluble hydrophilic surfactant may migrate to the external water phase. The surfactant 

would not be available to form inverse micelles and thus incorporate external water to 

form the primary w/o emulsion and subsequent w/o/w multiple emulsion. Poorly 

developed multiple droplets were observed with this surfactant (Chapter 3) which may 

have formed as a result o f water incorporation by hydrophilic surfactant type molecules 

naturally present in the oil phase such as PEG esterified triglycerides. The presence of
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hydrophilic surfactant type molecules may also explain why multiple droplet formation 

occurs for 100% oil emulsions in the absence o f Tween 80, for example Labrafil M 

1944 CS and Labrafac CM 10. A low solubilisation capacity is noted for oil/surfactant 

mixes that form predominantly multiple emulsions. For example for Labrafil M 1944 

CS and Labrafac Lipophile WL 1349/Tween 80 mixes a maximum solubilisation limit 

of between 20 and 200pl was noted. These results suggest that for multiple emulsion 

formation only small volumes of water need to be incorporated by the inverse micelles.

Small multiple droplets were produced for 100% Labrafac CM 10 (water-dispersible 

HLB 10) but the effect was lost on addition o f Tween 80. The absence o f multiple 

droplets in Labrafac CM 10 formulations containing Tween 80 could be related to the 

overall hydrophilicity o f the mix. Multiple droplets might have been formed as a 

transient intermediate phase that rapidly underwent phase inversion. Phase inversion to 

a simple o/w system is encouraged for a more hydrophilic system. In addition, when the 

overall HLB of the system increases, much o f the Tween 80 and the water-soluble 

components o f the oil, for example pegylated triglycerides, migrate to the aqueous 

phase and are therefore not available to form inverse micelles and thus multiple 

droplets. For hydrophilic water-soluble water-dispersible systems, surfactant migration 

to the water phase may also be responsible for dragging some lipophilic material with it 

and therefore emulsify by diffusion and stranding. This may explain the absence of 

multiple droplets for the most hydrophilic oil, Labrasol. Furthermore, the reduction in 

the number o f multiple droplets as the surfactant concentration is increased for Labrafil 

M 1944 CS, Labrafil M 2125 CS and Labrafac Lipophile WL 1349 may also be 

explained by diffusion and stranding. Emulsification by diffusion and stranding would 

reduce the amount o f hydrophilic surfactant left in the oil phase available to solubilise 

the external water phase. In addition, the presence o f a larger percentage o f hydrophilic 

surfactant would increase the number o f micelles present in the bulk water phase which 

may solubilise the lipophilic surfactant material at the w/o interface thus destabilising 

the multiple structure causing phase inversion.
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4.6 Conclusions

The exact mechanism of formation for apparently self-emulsifying o/w and w/o/w 

emulsions is not clear. A combination o f mechanisms may be responsible with one 

mechanism playing a more dominant role. Labrasol, a hydrophilic oil, does not form 

multiple droplets or exhibit liquid crystals at the interface. In this case the likely 

mechanism of formation could be by diffusion and stranding. 100% Labrafac CM 10 

produced multiple droplets but the effect was lost on addition of Tween 80. The 

mechanism of o/w self-emulsification in this case could be as a result o f phase inversion 

triggered by surfactant migration to the external phase. In addition, diffusion and 

stranding or interfacial turbulence through liquid crystal formation may play a role in 

émulsification as both these features were observed at Labrafac CM 10/Tween 80/water 

interfaces. Multiple droplets were noted over a wide oil/surfactant range for Labrafil M 

1944 CS and Labrafac Lipophile WL 1349. However, at a specific oil/surfactant mix a 

dramatic change in the predominant droplet character from a multiple to a simple 

emulsion system was noted. At this point a substantial improvement in the self- 

emulsifying properties was observed, with Labrafac Lipophile WL 1349 producing 

liquid crystals at the interface and Labrafil M 1944 CS producing more extensive 

interfacial liquid crystals. This suggests that for these oils self-emulsifying simple o/w 

droplets appear to occur via an intermediate multiple emulsion step. However, liquid 

crystal formation leading to interfacial turbulence and droplet formation could also play 

a role.

To produce self-emulsifying o/w emulsions via a phase inversion process the surfactant 

must initially be placed in the oil phase and form a miscible oil/surfactant mix. Placing 

the surfactant in the oily phases enables the surfactant to form inverse micelles which 

can then solubilise a portion of the external water to form an intermediate multiple 

emulsion phase. This is essential to produce good quality multiple droplets and for 

phase inversion to occur. In this study, the oil/surfactant mix that solubilised a 

substantial amount o f water corresponded to the phase inversion point (Labrafil M 1944 

CS and Labrafac Lipophile WL 1349), the best self-emulsifying properties and the 

presence and extent o f liquid crystal formation. It appears that the presence of liquid

154



Chapter 4 Formation Mechanisms fo r  Self-Emulsifying Systems

crystals enables a greater quantity o f external water to be solubilised. Furthermore, for 

phase inversion to a simple o/w system to occur the surfactant must migrate to the 

external water phase. This is determined by the hydrophilicity of the oil/surfactant mix. 

This is dependent on the HLB of the surfactant, percentage o f surfactant, triglyceride 

chain length, size of the PEG group and the degree o f carbon bond unsaturation. In 

contrast, for multiple droplets to remain intact the surfactant would have to remain at 

the multiple interfaces. This is likely to occur for more hydrophobic oils and 

oil/surfactant mixes.

In the next chapter, the potential o f multiple emulsions formed by self-emulsification as 

drug delivery carriers will be investigated.
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5. CHARACTERISATION OF SELF- 

EMULSIFYING MULTIPLE EMULSIONS

5.1 Introduction

Multiple emulsions have been widely studied as a means o f delivering drugs via the 

oral, topical and parenteral route. Considerable effort has been directed towards oral 

development for peptide delivery (Silva Cunha et al, 1997a), lymphatic targeting 

(Omotosho et al, 1990; Kim et al, 1995), sustained delivery (Vaziri and Warburton, 

1994a; Nakhare and Vyas, 1995; 1996) and as adjuvants for vaccines (Herbert, 1965). 

Formulation variables have been reported to produce a significant effect on the quality 

and performance o f the emulsion produced. For example, the concentration and type of 

surfactants (Florence and Whitehill, 1981; Magdassi et al, 1984; Vaziri and Warburton, 

1994b; Jager-Lezer et al, 1997), the nature o f oil phase (Omotosho et al, 1989a; 1989b), 

percentage phase volume for a two-step method (Kassem et al, 1995) and production 

method (Okochi and Masahiro, 1996; Kim et al, 1995; Yasan et al, 1993) have been 

reported to alter emulsion properties. In particular, these variables effect the droplet size 

and character (Kim et al, 1995; Omotosho et al, 1989b), stability (Magdassi et al, 1984; 

Vaziri and Warburton, 1994b), yield (Magdassi et al, 1984) and ultimately the drug 

release profile (Safwat et al, 1994, Omotosho et al, 1989b; Vaziri and Warburton, 

1994b; Jager-Lezer et al, 1997). The affect o f formulation variables on the stability and 

droplet characteristics will be outlined below.

5.1.1 Morphological characteristics o f multiple droplets

The morphological structure, depicted by the degree of multiplicity and size of the inner 

droplets can affect the drug loading capacity, the surface area available for release and 

the stability and breakdown pathway (Omotosho et al, 1986; 1989b; Vaziri and 

Warburton, 1994a, Kim et al, 1995, Florence and Whitehill, 1981). The predominant
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droplet structure can vary according to the nature o f the oil phase (Omotosho et al, 

1989b) and the type of secondary surfactant employed (Florence and Whitehill, 1981).

Florence and Whitehill (1981) have provided a useful classification scheme to 

categorise w/o/w multiple emulsions into three basic types. A, B and C, as depicted in 

Figures 5.1a, b and c respectively. Isopropyl myristate was employed as the oil phase 

containing span 80 to produce the primary emulsion for all three systems. The dominant 

nature o f the emulsion droplet was found to be dependent on the nature o f the secondary 

surfactant. The emulsions were characterised by the size o f the multiple globule and the 

number and size o f the inner water droplets. Type A emulsions were composed of 

relatively small multiple drops (mean diameter 8.5pm) containing a few (usually one) 

relatively large internal aqueous droplet (3.3pm). This type was produced when 2% Brij 

30 (polyoxyethylene (4) lauryl ether) was used as the secondary emulsifier. Type B 

emulsions consisted of larger multiple drops (19pm) containing smaller but more 

numerous internal droplets (2.2pm). These were prepared using 2% Triton X-165 

(polyoxyethylene (16.5) octyl phenol). Finally, type C droplets contained a vast number 

o f internal aqueous droplets, whereby resolution o f the internal droplets became 

impossible and were prepared using a 3:1 Span 80:Tween 80 mixture. Preliminary 

experiments by Florence and Whitehill (1981) discovered that type C emulsions slowed 

down the release o f entrapped materials to a much greater extent than emulsions A and 

B, holding promise for sustained drug delivery.

In contrast, Omotosho et al (1989b) investigated the effect o f different oil phases on the 

release o f methotrexate. Multiple emulsions o f different droplet structures were 

produced depending on the oil phase employed. Isopropylmyristate formed multiple 

droplets with a large number o f iimer water droplets typically between 20-50 with 

approximate diameters o f 2.1pm. In comparison, octane and hexadecane produced 

multiple droplets with 8-30 inner droplets with approximate sizes o f 12.6pm and 8.0pm 

respectively. Rapid drug release was observed for isopropylmyristate, followed by 

hexadecane then octane. The differences in release profile were attributed to the 

interfacial area available for release.
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Figure 5. la  A photom icrograph o f  type A w/o/w multiple emulsion droplets, sm all in size  
with usually one large internal water droplet (reproduced from  Florence and  
Whitehill, 1981)

m

g

Figure 5.1b A photom icrograph o f  type B w/o/w multiple emulsion droplets, larger in size 
with sm aller but more numerous internal water droplet (reproduced from  
Florence and Whitehill, 1981)

0
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Figure 5. Ic  A photom icrograph o f  a type C  w /o/w  multiple emulsion droplet, containing a  
vast number o f  internal water droplet which cannot be resolved (reproduced  
from  Florence and Whitehill, 1981)

5.1.3 Multiple emulsion stability

Several techniques have been employed to improve the stability of multiple emulsions. 

Simple formulation approaches include varying the type, number and concentration of 

surfactants (Ohwaki et al, 1992; Garti and Aserin, 1996; Matsumoto et al, 1980; 

Magdassi et al, 1985) and the nature of the oil phase (Laugel et al, 1996b). Stabilisation 

has also been partially achieved by interfacial film complexation with macromolecules 

(Vaziri and Warburton, 1995; Sela et al, 1994), gelation of either the internal or external 

water phase (Florence and Whitehill, 1982b), employment of viscosity modifiers 

(Laugel et al, 1996b) or by using additives such as electrolytes (Adeyeye and Price, 

1990). For example, Nakhare and Vyas (1996) studied the complexation between Span 

60 with gelatin, bovine serum albumin, polyvinyl alcohol and polyacrylic acid. A 

reduction in phase separation, emulsion breakdown and changes in drug entrapment 

were recorded. The improved stability was attributed to rigid film formation enabling 

droplets to remain discrete and intact even on collision. Macromolecules adsorb at 

multiple anchoring points and provide stearic stabilisation whereas low molecular 

weight surfactants exhibit only a single attachment site, and are readily desorbed from
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the interface. Macromolecules are therefore more resistant to shear and breakdown 

processes (Sela et al, 1994). The formation of interfacial liquid crystals has also been 

reported to play an important role in the reinforcement of interfacial film formation and 

subsequent stabilisation (Vaziri and Warburton, 1995; Kavaliunas and Frank, 1978). 

Kavaliunas and Frank (1978) detected liquid crystal material at both w/o and o/w 

interfaces o f a multiple droplet. Creaming and phase separation began 14 days after 

formation for this formulation compared to several minutes to 48 hours observed for a 

control formulation (no liquid crystals). Nevertheless, thermodynamically both multiple 

emulsion systems were found to be less stable than a simple o/w emulsion. In essence, 

gradual breakdown towards a more thermodynamically stable simple emulsion takes 

place despite the presence of film stabilisers at the interface.

Florence and Whitehill (1981) have suggested several possible routes for the breakdown 

of w/o/w multiple emulsions, as shown in Figure 5.2. These are by no means exhaustive 

but display some o f the possibilities for multiple emulsion breakdown. One of the main 

driving forces behind each step is the reduction in the free energy o f the system brought 

about by a decrease in the interfacial area. This is largely achieved through the 

coalescence o f the oil globules (a large change in free energy) and to a lesser extent, the 

coalescence o f smaller internal droplets (a small change in free energy). All these 

mechanisms may not occur in all systems and other combinations are also possible. The 

route and resistance to breakdown has been related to the predominant droplet structure 

(Florence and Whitehill, 1981). The reduction in free energy AG for the loss of the 

internal aqueous droplet was calculated for the three droplet types. The smallest change 

in free energy was calculated for type B emulsions. These emulsions were suggested to 

be more stable to expulsion of inner droplets compared to types A and C (Florence and 

Whitehill, 1981). In addition, the degree of internal droplet swelling caused by water 

migration from the external to the internal phase has been related to the droplet structure 

(Omotosho et al, 1986; Adeyeye and Price, 1990). Omotosho et al (1986) found that the 

growth o f internal droplets was less significant for droplets that contained a large 

number o f smaller inner droplets compared to those emulsions that contained fewer but 

larger internal droplets. These studies imply that the stability of an emulsion can be 

associated with the nature of the predominant droplet structure.
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Figure 5.2 Possible breakdown pathways for multiple emulsions (reproduced from 
Florence and Whitehill, 1981)

a) Coalescence o f external oil droplets

b),c),d),e) Expulsion o f internal aqueous droplets individually

f) Expulsion o f more than one internal aqueous droplet

g) Expulsion in a single step

h),I)J),k) Coalescence o f internal droplets prior to expulsion

l),m),n) Shrinkage of internal droplets as a result o f diffusion o f water

through the oil phase to the external aqueous phase
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5.2 Present Investigations

Despite many investigations into these systems the obvious lack o f a commercial 

product stems from inherent thermodynamic instabilities and current problems in 

manufacturing methods. In this investigation, Labrafil/non-ionic surfactant mixes has 

led to the formation o f multiple emulsions in the absence o f external mechanical 

agitation. This would provide a simple one-step method for manufacture immediately 

prior to administration, which would also eliminate the need for long-term stability.

The effect o f oil phase, surfactant types and oil/surfactant ratio on the formation of 

multiple emulsions has been demonstrated in Chapter 3. In brief, hydrophobic oils 

displayed an increased tendency to form multiple droplets. As the surfactant 

concentration was increased the number and size o f multiple droplets decreased. At a 

specific oil/surfactant ratio a sudden drop in the particle size and presence of multiple 

droplets was noted indicating a partial phase inversion to a simple o/w emulsion. 

Multiple emulsions were formed with 100% oil to 30% oil/70% surfactant for Labrafac 

Lipophile WL 1349/Tween 80, Labrafil M 1944 CS/ Tween 80 and Labrafil M 2125 CS 

formulations. However, predominant multiple structures were only observed for 100% 

oil to 70% oil/30% surfactant mixes for these oils. Multiple droplets were also observed 

for Labrafil WL 2609 BS emulsions but over a limited oil/surfactant range (100% oil to 

50% oil/50% Tween 80). Furthermore, Labrafil WL 2609 BS formulations produced 

very few multiple droplets (low yield) and were only characterised initially and not 

studied further. Multiple droplets were also observed for 100% Labrafac CM 10 but the 

effect was lost upon addition of surfactant. Replacing Tween 80 (HLB 15) with Tween 

20 (HLB 16.7) produced multiple droplets over a similar oil/surfactant range but o f poor 

internal droplet quality. Tween 20 emulsions were therefore not examined.

Investigations to verify and characterise the general properties o f multiple droplets were 

studied for all formulations that produced multiple droplets with Tween 80, as stated 

above. Labrafac Lipophile WL 1349 and Labrafil M 1944 CS with Tween 80 (100% oil 

to 70% oil/30% surfactant) were studied further for investigations directly related to the 

characterisation o f a predominantly multiple droplet system. Preformulation studies
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examining the effect o f the physiological environment were only performed on the most 

stable Labrafac Lipophile WL 1349 and Labrafil M 1944 CS/Tween 80 formulations.

The aim o f this study is to characterise and validate the potential use of Labrafil 

multiple emulsions formed without the need for external mechanical agitation. Several 

studies were carried out to characterise the internal droplet structure and to establish the 

stability and formation o f multiple droplets under physiological conditions.

1. The multiple droplet structure was verified using oil-soluble and fluorescent 

water-soluble dyes. Smaller oil droplets passing under larger droplets could be 

mistaken for multiple droplet formation. In the case o f a w/o/w multiple 

emulsion, a lipid-soluble dye would only stain the oil globule, leaving the 

internal water droplets and outer aqueous medium unstained. Conversely, a 

water-soluble dye would stain the inner water droplets and the bulk continuous 

phase and not the oil globule.

2. The droplet structure was identified using the classification scheme reported by 

Florence and Whitehill (1981). The degree o f droplet multiplicity, denoted by 

the number and size of internal droplets, has been reported to influence the drug 

loading capacity, the area available for release and droplet stability. In addition, 

many Labrafil emulsions produced droplets that resembled multiple structures 

initially but were not well defined immediately after formation. The rate of 

structural development was therefore investigated. Rapid development of the 

multiple structure would be essential for delivery and administration soon after 

formulation.

3. The stability of the multiple droplets was investigated by assessing the degree of 

phase separation, changes in the overall size distribution and microscopic 

droplet structure. More specifically, evidence o f changes in internal size and 

degree o f multiplicity, ratio o f multiple to simple droplets, presence o f separated 

fi-ee oil and o f rupture o f the oil phase was noted.
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4. Formation and stability in a physiological medium is also necessary to assess the 

potential behaviour o f the system upon administration. The effect of pH and 

ionic strength of different physiological buffers on the formation and stability of 

the emulsion were examined.

5 .3 Experimental Methods

5.3.1 Character verification o f multiple droplets

Lipid-soluble and fluorescent water-soluble dyes were investigated individually and in 

combination for their ability to distinguish between the three phases o f the multiple 

emulsion. Dyes were employed to provide further contrast to the image. The emulsions 

were prepared by adding 250pl of oil/surfactant mix (%v/v) to the 300ml of distilled 

water. The dyes were added to the medium in which they were most soluble before mild 

mechanical agitation was applied (lOOrpm for 10 minutes). The resultant emulsions 

were viewed using a Nikon Microphot FXA photo microscope under optical and 

fluorescent settings. Table 5.1 lists the range o f dyes studied to verify the multiple 

character o f the emulsion. All dyes were obtained from Sigma Aldrich, (Dorset UK).

Table 5.1 The properties o f various dyes used to investigate the multiple character o f the
emulsion droplets

Dyes Predominant Solubility and Fluorescent 

Characteristics

Sudan Black Lipid-soluble

Sudan III Lipid-soluble

Sudan IV Lipid-soluble

Nile Red Water-soluble and fluorescent

Oil Red 0 Water-soluble and fluorescent

Fluoracein Water-soluble and fluorescent

Riboflavin Water-soluble and fluorescent
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5.3.2 Morphological characterisation

5.3.2.1 Nature of the oil phase on droplet structure

In order to investigate the nature o f the oil phase on droplet structure, the morphological 

characteristics were assessed for all Labrafil oils that produced multiple droplets with 

Tween 80 as the surfactant. 250pl o f an oil/surfactant mix (%v/v) was added to 300mls 

of distilled water and mixed under conditions o f gentle agitation (lOOrpm for 10 

minutes). The structural details o f the droplets produced from Labrafil/Tween 80 mixes 

were assessed using an Olympus BX50 differential interference microscope.

5.3.2.2 The rate o f multiple emulsion development and ratio o f multiple to

simple droplets.

Further experiments were performed for Labrafac Lipophile WL 1349 and Labrafil M 

1944 CS/Tween 80 emulsions. The rate of development and percentage ratio o f multiple 

to simple droplets were assessed for 100% oil to 70% oil/30% surfactant mixes. 250pl 

of an oil/surfactant mix (%v/v) was added to 300mls o f distilled water and mixed under 

conditions o f gentle agitation (lOOrpm for 10 minutes). To study the rate o f multiple 

droplet formation the droplet structure was examined every two hours using the 

microscope. A sedgewick rafter counting chamber o f dimensions 50mm by 20mm by 

1ml with a base divided into 1mm squares was used to determine the ratio of simple to 

multiple droplets. 200-250 droplets were assessed for their structural character.

5.3.3 The stability o f multiple droplets assessed in the bulk medium water

5.3.3.1 Phase separation

Multiple emulsion stability was assessed for Labrafac Lipophile WL 1349 and Labrafil 

M 1944 CS/Tween 80 emulsions for 100% oil to 70% oil/30% surfactant mixes. 250pl 

o f an oil/surfactant mix was added to 300mls o f distilled water and mixed under 

conditions o f gentle agitation (lOOrpm for 10 minutes). Three 50ml stoppered
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measuring cylinders for each oil/surfactant concentration were filled with the 

appropriate emulsion at room temperature, 18-20°C. The time taken for the emulsion to 

phase separate approximately 80% examined by visual assessment was recorded and the 

average taken. The time recorded was to the accuracy o f +/- 10 minutes for Labrafil M 

1944 CS emulsions and +/- 1 minute for Labrafac Lipophile WL 1349 emulsions. The 

appearance o f the creamed emulsion was also noted.

5.3.3.2 Morphological characterisation over time

One o f the simplest and most direct methods to study the mechanisms o f instability is 

by microscopy. Light microscopy was used to detect any breakdown effects over time. 

The degree o f multiplicity: changes in internal droplet size and number, the ratio of 

multiple to simple droplets and evidence of rupture o f the oil phase and the presence of 

fi’ee oil was assessed. 100% to 70% oil/surfactant mixes o f Labrafac Lipophile WL 

1349 and Labrafil M 1944 CS were prepared in the usual manor under conditions of 

gentle mechanical agitation (lOOrpm for 10 minutes). Observations were made 

periodically every 2 hours over the first 12 hours, then daily for a maximum of 3 weeks.

5.3.3.3 Particle size analysis over time

Particle size analysis is used to detect changes in overall size distribution and in 

particular changes in the medium volume diameter D (v, 0.5). This simple technique has 

been used by many researchers to establish stages in multiple emulsion breakdown 

(Kim et al, 1995; Nakhare and Vyas, 1996; Miyakawa et al, 1993; Garti and Aserin, 

1996). The point at which large multiple structures are broken down to smaller simple 

o/w droplets was recorded. This change would coincide with an increase in percentage 

fi-equency displayed by the height of peak A, and a reduction in D (v, 0.5) o f peak B. A 

reduction in D (v, 0.5) o f peak B could also be attributed to expulsion o f internal 

droplets. In addition, an increase in peak B droplet size could be an indication of oil 

droplet coalescence.
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Several batches of 100% Labrafil M 1944 CS to 70% Labrafil M 1944 CS/30% Tween 

80 and 90% Labrafac Lipophile WL 1349/10% Tween 80 to 70% Labrafac Lipophile 

WL 1349/30% Tween 80 formulations were prepared in the usual manor. 100% 

Labrafac Lipophile WL 1349 emulsions were not sized over time because the very oily 

nature of the emulsion left residues on the sample cell lens o f the Malvern Mastersizer S 

causing problems in reproducibility and cleaning. The Malvern Mastersizer S was used 

to measure the particle size and overall distribution. Four batches for each oil/surfactant 

mix were measured five times at each time point. Measurements were taken initially 

every 4 hours for 12 hours then every 24 hours for 5 days.

5.3.4 The effect o f aqueous bulk phase

5.3.4.1 Formation in 0 .IM hydrochloric acid and pH 6.8 phosphate buffer

90% Labrafac Lipophile WL 1349/10% Tween 80 and 90% Labrafil M 1944 CS/10%

Tween 80 formulations appeared to be most stable in water (refer to the results section). 

The studies so far have been performed in distilled water, thus there is a need to 

establish the emulsion characteristics in fluids that are likely to represent in vivo 

conditions. ̂ OjMJ^drochloncacid  pH 1.4 and pH 6.8 phosphate buffer (BP) were used 

to simulate gastric and intestinal conditions. 250pl o f a 90% oil/surfactant mix (%v/v) 

for both oils was added to each of the respective media and stirred at lOOrpm for 10 

minutes. The multiple structures were examined using an Olympus BX 50 differential 

interference contrast microscope. Particle size measurements were taken using the 

Malvern Mastersizer S. At least four batches were measured five times for each 

simulated condition.

5.3.4.2 The effect o f pH and ionic strength droplets

Poorly developed multiple structures were noted for both oils in pH 1.4 O.IM 

hydrochloric acid and pH 6.8 phosphate buffer (BP) mediums. These effects could be 

related to the pH (concentration o f H^ ions) and/or the presence o f other ions. In order 

to investigate this further the effect o f pH and ionic strength were determined 

independently. To examine the effect of pH, a buffer system was chosen to cover a
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range of pH while maintaining a low and constant ionic strength. Phosphate buffers 

with a pH range o f 6.4 to 7.7 and an ionic strength I = 0.01 were prepared in accordance 

with Table 5.2. Although other buffer systems offered a wider range o f pH, (pH 1.0 to 

pH 8.0), it was not possible to maintain a constant ionic strength for these buffers. To 

investigate the effect o f ionic strength, phosphate buffers pH 6.4, 7.0 and 7.7 were 

prepared according to the previous formulae, I = 0.01 to which appropriate quantities of 

potassium chloride was then added to obtain the desired ionic strength, as displayed 

Table 5.3. The ionic strengths investigated were 0.01, 0.1, 0.2 and 0.5. All buffers were 

prepared by dissolving the required amount of salt in de-ionised water. The pH was 

recorded using a PW 9410 digital Philips pH meter. 250pl o f an oil/surfactant mix was 

added to SOOmls of the buffer and stirred with a rotor paddle at 100 rpm for 10 minutes. 

The resultant emulsion structure was observed using a BX 50 Olympus differential 

interference microscope under light and cross polar conditions. Particle size analysis 

was performed using a Malvern Mastersizer S. All salts were o f standard laboratory 

grade and used as obtained from BDH Laboratories (Poole, England).

Table 5.2 Weights of buffer salts taken to prepare 2 litres of buffer, I  = 0.01

pH Weight of Potassium 

Dihydrogen Orthophosphate (g)

Weight o f Disodium Hydrogen 

Orthophosphate Twelve Hydrate (g)

6.4 1.645 0.945

6.8 1.033 1.481

7.0 0.759 1.722

7.5 0.290 2.133

7.7 0.186 2.224

Table 5.3 Weight of potassium chloride added to I  = 0.01 phosphate buffer to obtain the
relevant ionic strength in 2 litres

Ionic Strength Weight o f Potassium Chloride (g)

0.01 None

0.1 13.42

0.2 28.33

0.5 73.06
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5.3.43 Stability o f multiple droplets in fasted simulated gastric and intestinal

media

In this study multiple emulsions were initially prepared in distilled water, before being 

placed in simulated gastric fluid followed by intestinal media. The stability in media 

simulating physiological conditions was assessed using simulated fasted gastric and 

intestinal fluid displayed in Tables 5.4a and 5.4b (Dressman et al, 1998). 90% Labrafac 

Lipophile WL 1349/10% Tween 80 and 90% Labrafil M 1944 CS/10% Tween 80 mixes 

were studied. 250pl of the 90% oil/10% surfactant mix (%v/v) was added to 300mls of 

distilled water (10 minutes at lOOrpm). After a standing time o f two hours (to allow 

sufficient time for structural development), a proportion o f the emulsion was transferred 

to 300mls o f fasted simulated gastric fluid. This mixture was stirred at lOOrpm for a 

further two hours. A further proportion o f this media containing multiple droplets was 

transferred to 300mls o f fasted simulated intestinal media. Again the mixture was stirred 

at 100 rpm for a final two hours. In between each transfer the structure o f the multiple 

droplets were examined using the microscope under optical and cross polar settings. 

The size of the droplets was assessed using the Malvern Mastersizer S. The media was 

freshly prepared. All salts and egg lecithin were used as obtained from BDH 

Laboratories (Poole, UK). The bile salt, sodium taurocholate was used as obtained from 

Sigma-Aldrich (Dorest, UK) and sodium dodeceyl sulfate was used as obtained from 

Fisher Scientific (Loughborough, UK).
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Table 5.4a Media representing fasted simulated gastric fluid (obtained from Dressman et 
al, 1998)

Component Strength/Quantity

HCl 0.01-0.05 N

Sodium lauryl sulphate 2.5 g

NaCl 2.0 g

Distilled water qs lOOOmls

Table 5.4b Media representing fasted simulated intestinal fluid (obtained from Dressman
et al, 1998)

Component Strength/Quantity

KH2PO4 0.029 M

NaOH qs pH 6.8

Na Taurocholate 5 mM

Lecithin 1.5 mM

KCl 0.22 M

Distilled water qs 1000ml
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5.4 Results

5.4.1 Morphological characterisation

5.4.1.2 Character verification

Figures 5.3a and 5.3b show the images obtained under optical and fluorescent 

conditions for 80% Labrafac Lipophile WL 1349 using Sudan Black and Fluorecein. 

Similar results were obtained for all Labrafil formulations that produced multiple 

droplets. Note that those droplets, which are empty or exhibit fewer internal droplets, 

are thus mirrored under fluorescent conditions. Lipid and water-soluble fluorescent dyes 

when used separately failed to distinguish the structural nature o f the apparent w/o/w 

multiple emulsion. This is likely to be due to a phenomenon known as dye leaching as 

dyes are not exclusively soluble in one component. However, Sudan Black and Sudan 

III in combination with fluorescent dyes produced images o f acceptable contrast, 

successfully defining the internal multiple structure. On occasions smaller oil droplets 

passing underneath larger oil globules could be mistaken for w/o/w multiple droplets. 

These doubts were removed when the emulsions were observed under fluorescent 

conditions.
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Figure 5.3a W/o/w multiple emulsions produced from  80% Labrafac Lipophile WL 
1349/20% Tween 80 imaged under optical conditions (the bar represents 
100pm  ------  )
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Figure 5.3b W/o/w multiple emulsions produced from  80% Labrafac Lipophile WL 
1349/20% Tween 80 imaged under fluorescent conditions (the bar represents 
100pm ------- )
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5 A. 1.2 Nature o f oil phase on droplet structure

The structural characteristics o f the multiple droplets were dependent on the nature of 

the oil phase. Multiple droplets produced by Labrafac CM 10 contained very few 

internal multiple droplets, typically between 1-10. Internal droplets were larger in 

diameter though the external droplet size was smaller with a D (v, 0.5) o f 13.8pm. Some 

multiple droplets were observed which contained a single internal water droplet, 

classified by Florence and Whitehill (1981) as type A. However, the predominant 

droplet structure was type B, where a few but distinct internal droplets were observed 

(Figure 5.4). A similar droplet structure was observed for 100% Labrafac Lipophile WL 

1349 (type A). In contrast, Labrafil M 1944 CS, Labrafil M 2125 CS, Labrafil WL 2609 

BS and Labrafac Lipophile WL 1349 CS/Tween 80 emulsions produced type C droplets 

(Figure 5.5). Numerous small internal droplets were observed which often could not be 

fully distinguished due to the complexity o f the system. Overall large multiple droplets 

were recorded with average D (v, 0.5) values between 30.2pm and 268.5pm with much 

smaller internal droplets.
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Figure 5.4 100% Labrafac CM 10, which produces predominantly type B droplets (the bar
represents 100pm------- )

Figure 5.5 70% Labrafac Lipophile WL 1349/30% Tween 80, which produces type C
droplets (the bar represents 100pm ------ )
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5.4.1.3 Rate o f development and ratio o f multiple to simple droplets

90-95% of all large to medium globules were o f multiple character for 100% oil to 70% 

oil/30% surfactant for Labrafac Lipophile WL 1349 and Labrafil M 1944 CS/Tween 80 

emulsions. Smaller droplets were of a mixture of multiple and simple emulsion droplets. 

It was very difficult to ascertain the inner structures o f very small droplets, particularly 

for those droplets approaching the limitations o f the microscope.

Table 5.5 shows the time required for the development of ‘moderate’ multiple emulsion 

character, where spherical internal water droplets were present. Figures 5.6a -5.6b show 

photomicrographs taken immediately after formation and then after four hours for 80% 

Labrafil M 1944 CS/20% Tween 80. Three major features in the formation process have 

been identified: a) No identifiable defined inner droplets, oil globules contain a “cloudy 

mess” with the presence of some water, b) Irregular shaped inner droplets begin to form 

c). Spherical defined internal water droplets present.

These results suggest that the development of multiple droplets was not spontaneous for 

the majority of oil/surfactant formulations with the exception of 100% and 90% 

Labrafac Lipophile WL 1349/10% Tween 80 mixes. Some emulsions took several hours 

for full multiple characterisation to occur. In general, Labrafac Lipophile WL 1349 

formulations developed at a faster rate than corresponding Labrafil M 1944 CS 

emulsions. Furthermore, as the surfactant component was increased the time required 

for development was extended.

Table 5.5 The time required for ‘moderate’ multiple emulsion formation for Labrafil M  
1944 CS and Labrafac Lipophile WL 1349 oil/surfactant mixes

% Labrafil M 1944 CS Time % Labrafac Lipophile WL 1349 Time

(hours) (hours)

ÎÔÔ 2̂ 4 ÎÔÔ 0 ^

90 2-4 90 0-2

80 4-6 80 2-4

70 6-8 70 2-4
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Figure 5.6a 80% Labrafac Lipophile WL 1349/20% Tween 80 multiple droplet at 0 
hour (the bar represents 100pm ------ )

Figure 5.6b 80%) Labrafac Lipophile WL 1249/20% Tween 80 multiple droplet at 4 
hours (the bar represents 100pm ------ )
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5.4.2 The stability o f multiple droplets assessed in the bulk medium water

5.4.2.1 Phase separation

Labrafac Lipophile WL 1349 emulsions creamed at a faster rate than Labrafil M 1944 

emulsions (Tables 5.6a and 5.6b). As the concentration o f surfactant was increased, the 

time taken for creaming increased for Labrafac Lipophile WL 1349 and decreased for 

Labrafil M 1944 CS. Free oil was observed floating at the surface o f all Labrafac 

Lipophile WL 1349 formulations investigated. For both oils, the volume o f creamed 

material was minimal and could not be measured accurately.

Table 5.6a Visual observations for emulsion creaming and the presence of free oil for
Labrafil M 1944 CS/Tween 80 emulsions

% Oil Composition Time (min)+/-10 Presence o f Free Oil

ÎÔÔ 39Ô NO

90 150 NO

80 120 NO

70 100 NO

Table 5.6b Visual observations for emulsion creaming and the presence of free oil for
Labrafac Lipophile WL 1349/Tween 80 emulsions

% Oil Composition Time (min)+/-1 Presence o f Free Oil

ÎÔÔ 5 ŸËS

90 6 YES

80 8 YES

70 10 YES
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5.4.2.2 Microscopic analysis of multiple droplet breakdown

From the photomicrographs obtained, several stages o f breakdown were identified and 

reported in Table 5.7. Figures 5.7a-5.7f depict the main features observed at each stage 

for 70% Labrafac Lipophile WL 1349/30% Tween 80. The initial stages o f breakdown 

(stages II and III) include the loss of multiple character, through the reduction in the 

number and size o f internal droplets (Figure 5.7b). This could be attributed to expulsion 

o f internal droplets. In addition, an enlargement o f internal droplets was also noted in 

some droplets, which could be attributed to their coalescence (Figure 5.7c). An increase 

in internal water droplet size could also occur as a result o f migration o f water from the 

external to the internal phase through the oil membrane. This could form part of the 

initial stages of multiple character development. Small droplets containing a single large 

internal droplet (classified by Florence and Whitehill (1981) as type A) were often 

observed at stage III indicating the coalescence of internal droplets. A decrease in the 

number and size o f multiple droplets continues to occur with a loss o f distinct multiple 

character (Figure 5.7d).

Major changes in multiple structure take place at stage IV. Here large-scale breakdown 

takes place depicted by a decrease in the number o f multiple droplets and an increase in 

the number of simple o/w droplets (Figure 5.7e). Rupture o f the oil membrane also 

occurs for many of the remaining droplets resulting in a cloudy internal structure 

(Figure 5.7f). Information on coalescence of oil globules and shrinkage were difficult to 

obtain from microscopic observations as an increase in oil size could be masked by a 

reduction caused by expulsion of internal water droplets.
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Table 5.7 Stages of w/o/w multiple emulsion breakdown

Stage Features Observed

Some small/medium empty droplets

II Increases in inner droplet size, globules lightly populated

III Increase in the number of large empty droplets, inner droplets size increase 

further. Multiple droplets of all sizes still exists

IV Large scale destruction begins, substantial increase in the numbers of small 

simple o/w droplets and a reduction in multiple droplets, rupture of the oil 

membrane, which separates the internal and external aqueous phases.

V Very few multiple emulsion droplets left if any, those remaining are 

usually small
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Figure 5.7a 70% Labrafac Lipophile WL 1349/30% Tween 80, time 2 hours -  before
destruction has begun (the bar represents 100pm-------)
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Figure 5.7b 70% Labrafac Lipophile WL 1349/30% Tween 8, time 8 hour - small/medium
‘em pty’ droplets others lightly populated produced under dark fie ld  settings 
(the bar represents 100pm ------)
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Figure 5 .7c 70% Labrafac Lipophile WL 1349/30%  Tween 80, time 8 hours - an increase in 
internal droplet size (the bar represents 100pm --------- )

#D

Figure 5 .7d 70% Labrafac Lipophile WL 1349/30%) Tween 80, time 24 hours - rupture o f
the oil membrane, loss o f  distinct multiple structure, a decrease in the size o f  
multiple droplets and an increase in the number o f  simple droplets (the bar 
represents 100 p m -------- )
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Figure 5 .7e 70% Labrafac Lipophile WL 1349/30%  Tween 80, time 168 hours - general 
breakdown, few  multiple droplets present (the bar represents 100pm -------- )

Figure 5 .7 f 70% Labrafac Lipophile WL 1349/30%) Tween 80, time 96 hours - free  oil, 
substantial inner droplet breakdown, rupture o f  the internal oil membrane (the 
bar renresents lOOum ----------)
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Tables 5.8a and 5.8b display the times at which each stage o f breakdown had occurred 

for the oil/surfactant mixes examined. In general, comparative Labrafac Lipophile WL 

1349 formulations were more resistant to large-scale breakdown (stage IV) than 

Labrafil M 1944 CS formulations. However, the initial stage o f structural change such 

as an increase in the internal droplets size and a reduction in the multiple character 

(stages II and III) occurred at a faster rate for Labrafac Lipophile WL 1349 emulsions 

than for Labrafil M 1944 CS emulsions. Free oil was only present in Labrafac Lipophile 

WL 1349 formulations. The initial stages o f breakdown occurred at a similar rate for all 

the oil/surfactant mixes studied that contained the same oil phase. For example, stage III 

breakdown occurred between 8-10 hours for all Labrafac Lipophile WL 1349 

formulations studied (Table 5.8b). Significant differences between formulations 

containing different concentrations of surfactant (but the same oil phase) were only 

evident at stages IV and V. Here it was observed that for both oils, 90% oil/10% Tween 

80 were the most stable formulation and 100% oil the least stable system.

A study o f the change in ratio o f multiple:simple droplets was observed over time for 

both oils. Initially 90 to 95% of all large to medium size droplets were multiple in 

nature. However, at the time corresponding to stage III, only 60% of the droplets were 

multiple in character. A large number of empty oil droplets were observed perhaps 

caused by the expulsion of internal droplets. A reduction in the number o f multiple 

droplets could also be due to coalescence between oil droplets both simple and multiple 

(Omotosho et al, 1986). For example, a gradual reduction in the percentage of multiple 

droplets was observed for 80% Labrafac Lipophile WL 1349/20% Tween 80: 0 hours - 

90-95%, 4 hours - 81%, 8 hours - 72%, 12 hours - 62%, 24 hours - 53% and 48 hours - 

56%. Thereafter, it was difficult to continue to assess changes in droplet ratio, as the 

rafter counting chamber become increasingly ‘busy’ with a general increase in the 

number o f droplets.
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Table 5.8a The time at which each stage o f breakdown began for Labrafil M 1944 
CS/Tween 80 emulsions

Stage % Composition/Time (hour)

100% Labrafil 90% Labrafil 80% Labrafil 70% Labrafil

M 1944 CS M 1944 M 1944 M 1944

CS/10% Tw80 CS/20% Tw80 CS/30% Tw80

I 12 12 8 4-6

II 24 24 10-12 10-12

III 48 72 24 24

IV 48 120 48 48

V 48-72 360+ 96-120 96

Table 5.8b The time at which each stage of breakdown began for Labrafac Lipophile WL 
1349/Tween 80 emulsions

Stage % Composition/Time (hour)

100% Labrafac 90% Labrafac 80% Labrafac 70% Labrafac

Lipophile WL Lipophile WL Lipophile WL Lipophile WL

1349 1349/10%Tw80 1349/20%Tw80 1349/30%Tw80

I 4 4 4 4

II 12 12 8 8

III 10 10 10 8-10

IV 48 96-120 96 48

V 72 336 168-192 168-192
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5.4.2.3 Particle size analysis over time

Particle size analysis is used to detect changes in overall size distribution and in 

particular changes in the medium volume diameter D (v, 0.5). In the case where two 

distribution peaks were observed, the D (v, 0.5) value was taken for peak B (the larger 

size peak). This was achieved by ‘killing’ the data channels representing the smaller 

size distribution, peak A. Peak A could not be fully evaluated due to the lower detection 

limits o f the instrument. The particle size data over time are displayed in Tables 5.9 and 

5.10 for Labrafil M 1944 CS and Labrafac Lipophile WL 1349 formulations 

respectively. A 25% reduction in D (v, 0.5) was arbitrarily taken as the point where 

w/o/w multiple droplets were beginning to breakdown to simple o/w droplets. These 

results are displayed in Tables 5.11a and 5.11b.

Labrafil M 1944 CS formulations displayed two distinct populations before stability 

studies were performed. In general, a reduction in the percentage frequency of droplets 

in peak B was observed with a concurrent increase in the percentage o f droplets in peak 

A, indicating a substantial increase in the number o f droplets in the submicron size 

range. From the particle size data it is not possible to establish whether these 

observations are due to the destruction of multiple structures to simple droplets or 

simply a reduction in the size of the multiple droplets since this instrument cannot 

distinguish between multiple and simple droplets. However, microscopic observations 

imply that droplets in the submicron range were predominantly simple in nature. These 

results therefore suggest that over time the dramatic change in the percentage of 

droplets in peaks A and B may represent further phase inversion to a simple emulsion 

system. A reduction in the D (v, 0.5) o f peak B was noted after 4 hours for 100% 

Labrafil M 1944 CS and 70% Labrafil M 1944 CS/30% Tween 80 formulations (Tables 

5.9a and 5.9d) while at a later time of 12 hours for 90% Labrafil M 1944 CS/10% 

Tween 80 and 80% Labrafil M 1944 CS/20% Tween 80 (Tables 5.9b and 5.9c). 

Subsequently, very little change in droplet size was noted until 24-48 hours, after 

considering the standard deviation value. Thereafter, a gradual reduction in the D (v, 

0.5) value was noted. However, a sharp increase in droplet size o f peak B was noticed at 

72 hours, which could be attributed to the coalescence o f oil droplets, which may mark 

the start o f oil and water phase separation.
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Table 5.9a Average medium volume diameter D (v, 0.5) and span values for 100% Labrafil 
M 1944 CS over time (obtained using the Malvern Mastersizer S)

Time 0 4 8 12 24 48 72 96 120

hrs hrs hrs hrs hrs hrs hrs hrs hrs

D(v,0.5) 43.4 50.1 48.1 45.8 32.8 34.8 50.1 46.7 34.5

lim (SD) (7.8) (17.1) (7.1) (9.1) (11.2) (5.1) (8.7) (3.7) (3.9)

Span 3.53 3.19 3.32 3.65 3.98 4.11 3.30 3.65 3.69

Table 5.9b Average medium volume diameter D (v, 0.5) and span values for 90% Labrafil 
M1944CS/10% Tween 80 over time (obtained using the Malvern Mastersizer S)

Time 0 4 8 12 24 48 72 96 120

hrs hrs hrs hrs hrs hrs hrs hrs hrs

D(v,0.5) 41.5 39.5 37.1 39.7 35.9 34.4 46.1 44.4 41.5

pm (SD) (2.8) (3.0) (2.8) (2.99 (2 5) (1.6) (0.9) (1.3) (1.6)

Span 1.51 1.55 1.66 1.66 1.78 1.79 1.69 1.74 1.77

Table 5.9c Average medium volume diameter D (v, 0.5) and span values for 80% Labrafil 
MI944CS/20% Tween 80 over time (obtained using the Malvern Mastersizer S)

Time 0 4 8 12 24 48 72 96 120

hrs hrs hrs hrs hrs hrs hrs hrs hrs

D(v,0.5) 64.6 62.6 60.5 55.7 46.7 45.7 62.2 51.6 39.1

pm (SD) (1.6) (4.1) (5.9) (2 8) (2.4) (5.6) (8.9) (7.3) (6.8)

Span 2.40 2.32 2.35 2.45 2.62 2.68 2.51 2.62 2.84
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Table 5.9d Average medium volume diameter D (v, 0.5) and span values for 70% Labrafil 
M1944CS/30% Tween 80 over time (obtained using the Malvern Mastersizer S)

Time 0 4 8 12 24 48 72 96 120

hrs hrs hrs hrs hrs hrs hrs hrs hrs

D(v,0.5) 66.5 71.2 53.9 56.8 43.6 41.1 65.6 51.9 39.7

pm (SD) (2 3) (2.7) (10.5) (3 3) (3.3) (5.7) (10.2) (7.(0 (5.7)

Span 2.26 2.16 2.64 2.38 2.65 2.98 2.55 2.79 3.08

Labrafac Lipophile WL 1349 formulations initially displayed only a single peak with a 

large D (v, 0.5) value. Over time droplets in the submicron size range were detected as 

indicated in Figure 5.8. Furthermore, the percentage o f droplets now in peak A 

increased over time as the percentage of droplets in peak B decreased. The D (v, 0.5) 

size o f droplets in peak B also decreased in value and displayed increasing 

polydispersity with time. The coalescence of oil droplets may be masked as an increase 

in droplet size might coincide with a reduction in size caused by expulsion of the inner 

droplets. In addition, batches o f the same formulation underwent changes in droplet size 

(sometimes an increase in size, indicating oil droplet coalescence) at slightly different 

times. Thus on averaging the data these changes maybe masked.

The point at which a 25% reduction in D (v, 0.5) was observed correlates well with 

microscopic evidence of stage IV destruction (Tables 5.11a and 5.11b). As previously 

noted Labrafac Lipophile WL 1349 formulations appear to be more stable than the 

corresponding Labrafil M 1944 CS emulsions. In addition, as the percentage of Tween 

80 is increased the stability decreases. 90% oil/10% surfactant emulsions again showed 

superior stability compared to 100% oil and those containing a higher surfactant 

concentration.
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Table 5.10a Average medium volume diameter D (v, 0.5) and span values for 90% Labrafac 
Lipophile WL 1349/10% Tween 80 over time (obtained using the Malvern 
Mastersizer S)

Time 0

hrs

4

hrs

8

hrs

12

hrs

24

hrs

48

hrs

72

hrs

96

hrs

120

hrs

D(v,0.5) 183.5 158.4 164.3 162.9 148.2 141.3 166.8 154.2 137.3

Hm(SD) (7.2) (8.3) (1.5) (1.5) (1.7) (8.5) (7.2) (7.3) (8.1)

Span 1.28 1.47 1.47 1.46 1.65 1.68 1.62 1.74 1.83

Table 5.10b Average medium volume diameter D (v, 0.5) and span values for 80% Labrafac 
Lipophile WL 1349/20% Tween 80 over time (obtained using the Malvern 
Mastersizer S)

Time 0

hrs

4

hrs

8

hrs

12

hrs

24

hrs

48

hrs

72

hrs

96

hrs

120

hrs

D(v,0.5) 170.2 140.6 139.3 142.1 137.5

pm (SD) (5.5) (9.1) (5.5) (2.2) (2.9)

Span 1.32 1.52 1.62 1.56 1.54

134.9 141.8

(8.8) (1.7)

1.56 1.72

126.5 120.8

(1.8) (6.8) 

1.85 1.89

Table 5.10c Average medium volume diameter D (v, 0.5) and span values for 70% Labrafac 
Lipophile WL 1349/30% Tween 80 over time (obtained using the Malvern 
Mastersizer S)

Time 0

hrs

4

hrs

8

hrs

12

hrs

24

hrs

48

hrs

72

hrs

96

hrs

12

hrs

D(v,0.5) 126.9 106.8 108.9 112.1 108.8

pm (SD) (7.4) (8.6) (3.4) (4.1) (5.1)

Span 1.84 2.21 1.91 1.81 1.82

94.4 81.2 60.9 61.2

(9.4) (17.6) (15.8) (13.9)

2.21 2.66 3.33 3.24
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Table 5. I I  a The time at which a 25% reduction in D (v, 0.5) was observed fo r  Labrafil M 
1944 CS formulations

100% 90% Labrafil M 1944 80% Labrafil M 1944 70% Labrafil M 1944

Labrafil M CS/10% Tween 80 CS/20% Tween 80 CS/30% Tween 80

1944 CS

24 hours 120 hours 48 hours 24-48 hours

Table 5 .11b The time at which a 25% reduction in D (v, 0.5) was observed fo r  Labrafac 
Lipophile WL 1349formulations

90% Labrafac Lipophile 

WL 1349/10% Tween 80

80% Labrafac Lipophile 

WL 1349/20% Tween 80

70% Labrafac Lipophile 

WL 1349/30% Tween 80

120 hours 96 hours 48 hours

Figure 5.8 A graphical display o f the changes in the overall size distribution over time fo r  
90% Labrafac Lipophile WL 1349/10% Tween 80 emulsions
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5.4.3 The nature o f the aqueous bulk phase

5.4.3.1 Influence of 0 .IM  hydrochloric acid pH 1.4 and phosphate buffer pH 6.8

Clear structural differences are observed between emulsions formed using both O.IM 

hydrochloric acid pH 1.4 and phosphate buffer pH 6.8. Figures 5.9a-c and 5.10a-c 

illustrate the structural characteristics of the resultant multiple droplets for 90% Labrafil 

M 1944 CS/10% Tween 80 and 90% Labrafac Lipophile WL 1349/10% Tween 80 

respectively in both media compared to water. Poorly developed multiple structures in 

the presence o f a vast amount of free oil were observed for 90% Labrafac Lipophile WL 

1349/10% Tween 80 in acid and basic conditions. The number o f inner droplets is 

greatly diminished in hydrochloric acid compared to the control, water. Indeed, very 

few droplets of any kind were observed in phosphate buffer. In contrast, several 

multiple structures were identified in 90% Labrafil M 1944 CS/10% Tween 80 

formulations. However on closer examination under cross-polarised light these internal 

structures were birefiingent in nature. This indicates that crystals had formed in the 

internal droplet phase in both O.IM hydrochloric acid and phosphate buffer pH 6.8.

The medium volume diameter D (v, 0.5) was not affected by the formulation media for 

90% Labrafac Lipophile WL 1349/10% Tween 80 (Table 5.12b and Figure 5.11b). The 

t test found no significant difference at the 5% level for this group o f data. These 

formulations contained a great deal of free oil which may have formed large simple o/w 

droplets as a result o f agitation applied by the Malvern flow through cell. In contrast, 

notable changes were observed for 90% Labrafil M 1944 CS/10% Tween 80 

formulations. A reduction in D (v, 0.5) was noted for both systems as displayed in Table 

5.12a. A change in the overall size distribution was also detected. The lower end size 

distribution, denoted by peak A completely disappeared in both scenarios. This was 

replaced by a bi-modal distribution o f larger droplets in peak B which covered a broad 

size range (Figure 5.11a). This gave a concomitant increase in the span value o f peak B. 

However, since peak B exhibits a bi-modal distribution the medium volume diameter 

reported in Table 5.12a is not a true representation o f the droplet distribution. In fact 

part of the bi-modal distribution, displays a population size value greater than that 

obtained for water and has a shouldered peak with a lower medium size than water.
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Table 5.12a Particle size data for Labrafil M 1944 CS in O.IM hydrochloric acid pH  1.4, 
pH  6.8 phosphate buffer and distilled water (obtained using the Malvern 
Mastersizer S)

Formulation Conditions Average D (v, 0.5) pm 

(SD)

Span

90% Labrafil M 1944 CS in pH 39.4 (6.9) 3.69

1.4 hydrochloric acid

90% Labrafil M 1944 CS in pH 26.8 (6.5) 5.00

6.8 phosphate buffer

90% Labrafil M 1944 CS in 47.1 (3.4) 1.78

distilled water

Table 5.12b Particle size data for Labrafac Lipophile WL 1349 in O.IM hydrochloric acid 
pH  1.4, pH 6.8 phosphate buffer and distilled water (obtained using the 
Malvern Mastersizer S)

Formulation Conditions Average D (v, 0.5) pm 

(SD)

Span

90% Labrafac Lipophile WL 1349 167.9 (14.3) 1.37

in pH 1.4 hydrochloric acid

90% Labrafac Lipophile WL 1349 170.9(13.7) 1.57

in pH 6.8 phosphate buffer

90% Labrafac Lipophile WL 1349 176.5 (3.8) 1.38

in distilled water
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Figure 5.9a 90% Labrafil M 1944 CS/10% Tween 80 formulated in distilled water (the bar
represents 100 pm------- )

m / y

Figure 5.9b 90% Labrafil M 1944 CS/10% Tween 80 formulated in pH 1.4 hydrochloric
acid O.IM (the bar represents 100pm--------)

r
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Figure 5.9c 90% Labrafil M 1944 CS/10% Tween 80 formulated in pH 6.8 phosphate buffer
(the bar represents 100pm ------- )

Figure 5.10a 90% Labrafac Lipophile WL 1349/10% Tween 80 formulated in distilled water
(the bar represents 100pm -------)

e
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Figure 5.10b 90% Labrafac Lipophile WL 1349/lOVo Tween 80 formulated in pH 1.4
hydrochloric acid O.IM (the bar represents 100 pm------- )

m èf  
\

m m m
Figure 5.10c 90% Labrafac Lipophile WL 1349/10% Tween 80 formulated in pH 6.8

phosphate buffer BP (the bar represents 100pm------- )

©
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Figure 5.1 Ja The effect o f  acidic and basic mediums on the size distribution fo r  90% Labrafil 
M 1944 CS/10% Tween SO (obtained using the Malvern Mastersizer S)
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Figure 5. l i b  The effect o f acidic and basic mediums on the size distribution fo r  90% 
Labrafac Lipophile WL 1349/10% Tween 80 (obtained using the Malvern 
Mastersizer S)
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5.4.3.2 The effect o f pH at constant low ionic strength

The effect of pH was independently examined from the ionic strength. Figures 5.12a-c 

and Figures 5.13a-c demonstrate the effect o f pH on multiple structures for 90% 

Labrafil M 1944 CS/10% Tween 80 and 90% Labrafac Lipophile WL 1349/10% Tween 

80 formulations. From this data it is clearly evident that as the media becomes more 

basic the multiple structures diminish. A structure similar to that observed in water is 

seen at pH 6.4 for 90% Labrafac Lipophile WL 1349/10% Tween 80 (Figure 5.12a). 

However as the pH is increased this defined internal arrangement disappears and is 

replaced by what appears to be sparsely aggregate structures (Figure 5.12c). In contrast, 

crystalline material is found instead o f internal water droplets in Labrafil M 1944 CS 

emulsions. At pH 6.4 these are almost spherical in nature but became muddled and 

irregular as the pH was increased (Figures 5.13a and 5.13c).

As the media becomes increasingly basic the medium volume diameter D (v, 0.5) 

increases for Labrafil M 1944 CS (P < 0.05) yet no significant difference was noted for 

Labrafac Lipophile WL 1349 (Tables 5.13a and 5.13b). Again this latter observation 

may be explained by the fact that this oil contains a large quantity o f free oil, which can 

form simple o/w droplets as a result o f mechanical agitation provided by the Malvern 

flow through cell. In distilled water, two distinct populations were observed for 90% 

Labrafil M 1944 CS/10% Tween 80 emulsions suggesting partial phase inversion had 

occurred (Bevacqua et al, 1991). However this lower end peak (peak A) was not 

observed for any o f the buffer formulations. Instead a broad bimodal distribution (peak 

B) was observed at the higher particle size range similar to that obtained in Figure 

5.11a.
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Table 5 .13a The effect o f  p H  on the medium volum e d iam eter D  (v, 0.5) f o r  90%  L abrafil M  
1944 C S/10%  Tween 80  (ob ta ined  using the M alvern  M astersizer S)

pH Average D (v, 0.5) pm 

(SD)

Span

6.4 37.6 (3.6) 3.89

6 . 8 47.1 (4.9) 3.21

7.0 51.2 (3.3) 3.01

7.5 63.7 (5.2) 2.51

7.7 65.7 (3.9) 2.59

Table 5 .13b The effect o f  p H  on the medium volum e d iam eter D  (v, 0.5) fo r  90%) Labrafac  
L ipophile WL 1349/10%  Tween 80  (obtained using the M alvern  M astersizer S)

pH Average D (v, 0.5) pm 

(SD)

Span

6.4 181.7 (7.5) 1.35

6 . 8 176.9 (9.3) 1.39

7.0 185.4(16.2) 1.44

7.5 177.1 (12.6) 1.39

7.7 168.3 (8.1) 1.42
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Figure 5.12a 90% Labrafac Lipophile WL 1349/10%  Tween 80 in phosphate buffer p H  6.4,
I  = 0.01 (the bar represents 1 0 0 p m -------- )
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'p .
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Figure 5.12b 90% Labrafac Lipophile WL 1349/10% Tween 80 in phosphate buffer p H  7.0,
I  = 0.01 (the bar represents 1 0 0 p m ---------)

©
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Figure 5 .12c 90% Labrafac Lipophile WL 1349/10%  Tween 80 in phosphate buffer p H  7. 7,
I  = 0.01 (the bar represents 1 0 0 p m -------- )
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Figure 5.13a 90% Labrafil M 1944 CS/10% Tween 80 in phosphate buffer p H  6.4, I  = 0.01,
(the bar represents 100pm  --------)
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Figure 5.13b 90% Labrafil M 1944 CS/10% Tween 80 in phosphate buffer p H  6.4, /  = 0.01,
under cross po larised  light (the bar represents 100pm --------- )

Figure 5.13c 90% Labrafil M 1944 CS/10%) Tween 80 in phosphate buffer p H  7.0, I  = 0.01,
large ill-defined crystalline structures (the bar represents 100pm -------- )

0 .

*
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5.4.3.3 The effect o f ionic strength at constant pH

Figures 5.14a-b and 5.15a-b illustrates the droplets produced under conditions of 

different ionic strength at just one of the pH values studied. A similar trend was seen for 

all other pH values investigated. The medium volume diameter D (v, 0.5) and the span 

values are displayed in Tables 5.14a and 5.14b.

The detailed multiple droplet structure diminishes as the ionic strength is increased. 

Poorly developed multiple droplets are observed at higher ionic strengths. Liquid 

crystalline material is observed in all 90% Labrafil M 1944 CS/10% Tween 80 

formulations but changes in dimensions and crystalline content are apparent as the ionic 

strength is increased. The average medium droplet size D (v, 0.5) is reduced as the ionic 

strength is increased, though statistically insignificant, for 90% Labrafac Lipophile WL 

1349/10% Tween 80. A similar change in size distribution was noted for 90% Labrafil 

M 1944 CS/10% Tween 80. Peak A disappeared and was replaced by a bimodal 

distribution o f peak B, which represent a peak value above and below that for water. 

However, on careful examination above an ionic strength o f 0.01 the change in droplet 

size was minor as the ionic strength increased further. In addition, above an ionic 

strength of I = 0.01, pH effects on droplet size were also insignificant.
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Table 5.14a The effect o f ionic strength on the medium volume diameter D (v, 0.5) for 90% 
Labrafil M 1944 CS/10% Tween 80 (obtained using the Malvern Mastersizer S)

pH 1 = 0.01 1 = 0.1 1 = 0.2 1 = 0.5
D (v,0.5) pm (SD) / D (v,0.5) pm (SD) / D (v,0.5) pm (SD) / D (v,0.5) pm (SD) /

Span value Span value Span value Span value

6.4 37.6 (3.6) / 38.9(2.7)/ 38.9 (4.9) / 33.4 (3.9)/

3.89 3.64 3.69 4.10

7.0 51.2 (3.3)/ 40.8(3.5)/ 36.1(2.9)/ 35.8 (5.7)/

3.01 3.57 3.87 4.03

7.7 65.7 (3.9) / 38.3 (3.2) / 37.4 (4.1)/ 31.4 (4.2) /

2.59 3.78 3.86 4.45

Table 5.14b The effect of ionic strength on the medium volume diameter D (v, 0.5) for 90% 
Labrafac Lipophile WL 1349/10% Tween 80 (obtained using the Malvern 
Mastersizer S)

pH 1 = 0.01 1 = 0.1 1 = 0.2 1 = 0.5
D(v,0.5) pm (SD) / D (v,0.5) pm (SD) / D (v,0.5) pm (SD) / D (v,0.5) pm (SD) /

Span value Span value Span value Span value

6.4 181.7 (7.5) / 172.1 (7.9) / 177.1 (13.7)/ 159.7 (8.6) /

1.35 1.45 1.41 1.47

7.0 185.4(15.4)/ 179.6(13.1)/ 170.9 (6.9) / 171.3 (16.1)/

1.44 1.40 1.41 1.49

7.7 168.3 (8.1)/ 173.9 (8.9) / 165.5 (9.2) / 162.3 (5.4)/

1.42 1.44 1.43 1.51
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Figure 5 .14a 90%  Labrafil M 1944 CS/10% Tween 80 in phosphate buffer p H  6.4
I  = 0.01, fa ir ly  rounded discrete liquid crystalline inner droplets 
(the bar represents 100pm )

1

Figure 5.14b 90% Labrafil M 1944 CS/10% Tween 80 in phosphate buffer p H  6.4
I  = 0.2 (the bar represents 100pm --------- )

»

i
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Figure 5.15a 90% Labrafac Lipophile WL 1349/10% Tween 80 in phosphate buffer pH 6.41
= 0.01, well defined inner water droplets (the bar represents 100pm--------)

a

Figure 5.15b 90% Labrafac Lipophile WL 1349/10% Tween 80 in phosphate buffer pH 6.41
= 0.5 (the bar represents 100pm------- )
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5.4.3.3 Stability o f multiple droplets in fasted simulated gastric and intestinal

media

The median D (v, 0.5) particle size value for Labrafac Lipophile WL 1349 (118.2pm 

SD 8.3, span 1.53) and Labrafil M 1944 CS (35.5pm SD3.2, span 1.64) in gastric fluid 

were lower than that obtained in water. From microscopic observations in gastric media, 

Labrafil M 1944 CS produced smaller multiple droplets with liquid crystalline material 

in the internal structure. Labrafac Lipophile WL 1349 produced well-defined multiple 

droplets though distinctly smaller than that produced in water. However, when the 

multiple droplets were transferred to simulated intestinal fluid, complete destruction of 

the multiple structure occurred. Labrafac Lipophile WL 1349 emulsions ‘cracked’ 

releasing free oil, which floated on the surface. Labrafil M 1944 CS emulsions 

underwent complete phase inversion to a simple o/w emulsion.

5 . 5  Discussion

5.5.1 Morphological characterisation

5.5.1.1 The nature o f the oil phase on droplet structure

The multiple droplet structure was verified by using both lipid-soluble and water- 

soluble fluorescent dyes. The structure o f the predominant droplet type varied according 

to the nature of the oil phase employed in terms of the internal water droplet size and 

the size o f the multiple oil droplets. The effect o f oil phase employed on droplet 

structure has also been reported by several workers (Omotosho et al, 1986; Safwat et al, 

1994). The nature o f the multiple character can have a distinct effect on the drug release 

profile.

Differences in the size o f internal droplets were suggested to be due to differences in oil 

solubilities. It has been reported that hydrocarbon oils with greater water-solubility 

exhibit a greater tendency for water to pass from the external bulk medium to the
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internal phase and thus enhance the growth of internal droplets (Omotosho et al, 1986). 

Differences in water miscibility also exist for the Labrafil oils. The most hydrophilic oil, 

Labrafac CM 10 produced droplets with the largest internal size displayed by type A 

and B droplets. In contrast, more hydrophobic oils such as Labrafil M 2125 CS 

produced smaller more numerous internal water droplets displayed by type C droplets. 

However, 100% Labrafac Lipophile WL 1349, a water-insoluble oil, produced type B 

droplets. These results suggest that other factors may play a role to determine the size 

and number o f internal droplets. For example, the size o f the internal droplets could also 

be determined by the viscosity o f the oil phase (Matsumoto et al, 1980; Matsumoto and 

Kang, 1989). 100% Labrafac CM 10 and Labrafac Lipophile WL 1349 have the lowest 

viscosity at 20°C o f 20-90 and 25-35 m.Pa.s respectively. These formulations produced 

droplets o f type A and B suggesting that lower viscosity formulations allow a greater 

amount o f penetration of water from the external phase, resulting in larger internal water 

droplets. In contrast, formulations with an oil viscosity o f 70-100 m.Pa.s produced 

predominantly type C droplets. The ability o f lipophilic surfactants, naturally present in 

the oil phase, to reduce the w/o interfacial tensions could also contribute to the internal 

structural arrangement. Omotosho et al (1986) noted a correlation between the water/oil 

interfacial tension and the size o f the internal droplets. Lower interfacial tensions 

correlated with smaller internal droplets. However, Kessler and York (1970) suggested 

that type C emulsions (small and numerous internal droplets) are formed when the 

surfactant employed is the least effective in lowering the interfacial tension. Labrafil 

oils contain mono- and diglycerides of fatty acids and sometimes PEG esters, which act 

as lipophilic and hydrophilic surfactant molecules respectively. The specific 

composition of these innate surfactant molecules may play a significant role in lowering 

the interfacial tension and thus affect the size and number o f internal droplets produced.

5.5.1.2 The ratio o f multiple to simple droplets

90-95% of all medium to large droplets were multiple in character for both Labrafil M 

1944 CS and Labrafac Lipophile WL 1349 oils from 100% to 70% oil/30% surfactant. 

Thereafter, a sudden drop in the number o f multiple droplets was noted as partial phase 

inversion occurred at higher surfactant concentrations. Other workers have noted as the 

percentage o f hydrophilic surfactant is increased the number and size of multiple
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droplets decreases (Matsumoto et al, 1976). This was attributed to changes in the ratio 

o f hydrophilic and lipophilic surfactant. The number o f multiple droplets together with 

the multiplicity o f internal droplets can be referred to as the ‘yield’. It was proposed that 

for a yield value above 90%, the percentage of lipophilic surfactant needs to be at least 

two-fold and sometimes ten-fold greater than the percentage o f hydrophilic surfactant 

(Matsumoto et al, 1976; Florence et al, 1989). A larger percentage of lipophilic 

surfactant is required to stabilise a larger interfacial area at the w/o interface, compared 

to the smaller interfacial area at the o/w interface (Laugel et al, 1996b). In addition, it 

has been proposed that if  the percentage o f hydrophilic surfactant exceeds a critical 

concentration, micelles form which could solubilise the lipophilic surfactant present at 

the w/o interface thus rupturing the oil phase and destabilising the system (Matsumoto 

et al, 1976). Therefore it is not surprising that a large percentage o f multiple droplets are 

formed at relatively low Tween 80 concentrations.

5.5.1.3 The rate o f multiple droplet formation

The rate o f multiple droplet formation was found to be dependent on the nature of the 

oil phase and the oil/surfactant ratio. The migration of water from the external to the 

internal phase has been proposed to occur by two main methods namely; direct 

diffusion and inverse micellar transport via surfactant micelles (Kita et al, 1977). Thus 

surfactant molecules can act as stabilising and transport species. The direction, rate and 

extent o f water and solute migration is determined by an osmotic pressure gradient 

(Matsumoto et al, 1980). However, migration o f water from the external aqueous phase 

into the oil phase can occur under isotonic conditions. This is thought to occur via the 

solubilising effects o f surfactant reverse micelles in the oil phase (Matsumoto and 

Kohda, 1980). This may explain why water migrates from the external to the internal 

phase to form ‘spontaneous’ Labrafil multiple emulsions. The surfactants responsible 

for micellar solubilisation o f water could be lipophilic mono- and di-glycerides, and/or 

hydrophilic fatty acid PEG esters or Tween 80. Therefore multiple emulsion are formed 

in the presence and absence o f additional Tween 80. Nevertheless, the effect o f initial 

surfactant location described in Chapter 4 demonstrates the important function of 

Tween 80 for a successful multiple emulsion formulation, and that Tween 80 has to be 

placed in the oil phase in order to solubilise the external water.
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Similar studies emphasised the role of the oil’s viscosity and the nature of the oil 

membrane (Garti and Aserin, 1996). Other workers have also reported a decrease in 

interphase transport as the viscosity of the oil phase increases (Whitehill, 1980). The 

membrane strength has also been reported to increase with an increase in membrane 

viscosity (Nianxi et al, 1992). Labrafac Lipophile WL 1349 formulations developed at a 

much faster rate than corresponding Labrafil M 1944 CS emulsions. In addition, for 

both oils, as the surfactant component was increased the time for adequate multiple 

character increased. These differences could be due to differences in water permeability 

related to the viscosity o f the oil phase. Labrafac Lipophile WL 1349 displays a lower 

viscosity o f 25-35 m.Pa.s than Labrafil M 1944 CS which has a viscosity of 75-95 

m.Pas at 20°C. In addition, since Tween 80 has a much greater viscosity o f 425 m.Pas at 

25°C higher concentrations o f this surfactant result in a reduction in the rate of 

development. These results appear to indicate that the permeability o f the oil membrane 

associated with the oil and surfactant viscosity’s plays a more important role than the 

presence o f innate solubilising surfactants. Labrafac Lipophile WL 1349 develops at a 

faster rate despite the absence of any PEG esterified fatty acids and mono/diglycerides, 

which would expect to contribute to external water solubilisation.

5.4.3 The stability o f multiple droplets assessed in water as the bulk medium

The stability o f a conventional emulsion can be monitored by observing the rate of 

creaming, the presence o f any free oil (indicating incomplete émulsification or cracking 

of the emulsion) or indeed changes in gross droplet size as an indication of coalescence. 

For multiple droplets microscopic examination o f changes in multiple character also 

prove to be a useful tool to analyse the extent and mechanism o f breakdown. These will 

be discussed in detail below.
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5.4.3.1 Phase separation

Phase separation or creaming is the separation o f an emulsion into two regions where 

one is richer in the disperse phase than the other. This ofteiyiot a serious problem as a 

uniform dispersion can be re-obtained by shaking the emulsion. Nevertheless, close 

proximity of droplets can increase the likelihood of coalescence. Previous studies 

designed to minimise the phase separation of multiple emulsions include the use of 

viscosity modifiers and interfacial complexation methods (Matsuzawa et al, 1995; 

Nakhare and Vyas, 1996). Matsuzawa et al (1995) found that the employment of gelatin 

in the internal aqueous phase completely abolished emulsion separation at 4°C 

compared to the control formulation. Interfacial complexation with macromolecules has 

also been found to reduce the extent of phase separation compared to control emulsions 

(Nakhare and Vyas, 1996).

The rate o f creaming depends on the difference in density between the dispersed 

particles {pî) and the dispersion medium (/%), the particle size {d) and the viscosity of 

the dispersion medium ( 7 ). According to Stokes Law the rate o f sedimentation (or 

creaming) v o f a spherical particle is given by:

V =
I877

By comparing 100% to 70% of the two oils, on size consideration alone it is expected 

that the Labrafac Lipophile WL 1349 (larger size) would cream at a faster rate than 

Labrafil M 1944 CS. Prybilski et al (1991) reported that smaller multiple droplets are 

more resistant to coalescence and creaming. Several o f the other factors have remained 

constant, such as gravity and the viscosity and density o f the bulk medium. Thus apart 

from the difference in size, observed differences in creaming could be due to the density 

o f the droplets. However, it would be difficult to postulate the density o f these complex 

droplets and how this changes with oil/surfactant compositions. Free oil was observed 

for Labrafac Lipophile WL 1349 emulsions even at the start o f the experiment, therefore 

it is likely that the source of the free oil is as a result o f incomplete émulsification 

opposed to cracking o f the emulsion.
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5.4.3.2 Microscopic analysis over time

The main pathways for the breakdown o f multiple droplets have been described by 

Florence and Whitehill (1981):

- Expulsion

- Coalescence of oil droplets whether multiple or simple 

Coalescence o f internal water droplets

- Shrinkage or swelling of the internal droplets due to osmotic pressure gradients.

A substantial reduction in free energy of the system would occur when oil droplets 

whether multiple or simple in nature undergo coalescence. Thus these features would be 

expected to dominate the breakdown process, compared to the coalescence of internal 

droplets which result in smaller reductions in free energy. Nevertheless, observations in 

this study were unable to identify gross changes in oil droplet size as an increase in 

droplet size by coalescence would be offset by a reduction in size by internal droplet 

expulsion. Instead early stages of destruction were noted as increases in internal droplet 

size (as a result o f internal coalescence or external migration o f water into the internal 

phase) and expulsion o f internal droplets resulting in sparsely populated or simple oil 

droplets. Later stages o f destruction are a reflection o f partial phase inversion to a 

simple o/w emulsion. The number o f multiple droplets was significantly reduced, with a 

concomitant increase in smaller simple o/w droplets. On closer examination, those 

structures with a similar appearance to multiple droplets revealed a ruptured oil 

membrane, with no distinct barrier between internal and external water phases. 

Migration o f water from the external aqueous phase causes an increase in internal 

droplet size and thinning of the oil layer, which leads to rupture o f the membrane.

The stability of the two oils studied was dependent on the nature o f the oil phase and the 

oil/surfactant ratio. Labrafac Lipophile WL 1349 emulsions were more susceptible to 

the initial stages o f breakdown compared to Labrafil M 1944 CS. This may be because 

Labrafil M 1944 CS emulsions take longer for complete multiple development to occur 

and thus the features o f breakdown are not evident until this stages is reached (usually 

after a further eight hours). Alternatively, susceptibility to the initial stages of 

breakdown could be related to differences in the viscosity and permeability of the oil
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phase. Labrafac Lipophile WL 1349 emulsions were however, more resistant to the 

latter stages o f destruction. These results could be attributed to the difference in oil 

composition. Labrafil M 1944 CS contains PEG esterified fatty acids, which possess 

surfactant properties. These surfactants are hydrophilic in nature to some extent. 

Therefore it is possible that susceptibility to phase inversion is increased due to the 

presence of a greater amount o f hydrophilic surfactant material (PEG ester plus Tween 

80). In contrast, Labrafac Lipophile WL 1349 consists o f simply medium chain 

triglycerides. Therefore this formulation may have a reduced tendency to phase invert 

due to a lower percentage o f hydrophilic surfactant (only Tween 80). Similar findings 

were reported by Adeyeye and Price (1991) regarding the hydrophilicity o f the 

lipophilic surfactant employed. Adeyeye and Price (1991) found that Span 80 produced 

less stable multiple emulsions than Span 83. It was suggested that perhaps the relatively 

higher HLB value o f Span 80 (HLB 4.3) is more likely to favour an o/w emulsion in the 

presence o f a hydrophilic secondary surfactant than Span 83 (HLB 3.7).

90% oil/10% surfactant was the most stable formulation for both oils. Therefore the 

surfactant type and the relative ratio also plays a significant role in the stability of 

multiple emulsions. Several workers have noted that the ratio between the hydrophilic 

and lipophilic surfactant is central to the stability o f the multiple emulsion (Magdassi et 

al, 1984; Adeyeye and Price, 1991; Yazan et al, 1993; Laugel et al, 1996b). Although 

the ideal percentage o f lipophilic to hydrophilic surfactant varies according to the study, 

the general consensus was a larger concentration o f lipophilic surfactant is required to 

stabilise the larger interfacial area (Laugel et al, 1996b). If  the percentage o f hydrophilic 

surfactant increased beyond the ideal, destruction o f the multiple droplet occurs 

(reduction in yield). The most cited reason is the solubilisation o f the lipophilic 

surfactant in the micellar core o f the hydrophilic surfactant leading to phase inversion 

and a simple emulsion. (Laugel et al, 1996b; Florence et al, 1989; Yazan et al 1993). 

Therefore it follows that an increase in hydrophilic surfactant can result in a decrease in 

multiple emulsion stability (Florence et al, 1989).
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5.4.3.3 Particle size analysis over time

Changes in overall droplet size would give an indication of phase inversion 

(characterised by a dramatic reduction in droplet size from the micron to the submicron 

range), coalescence o f droplets (reflected by an increase in droplet size) and 

theoretically expulsion o f internal droplets (characterised by a reduction in droplets 

size). However, it would be impossible to determine the exact cause to changes in the 

overall size distribution.

On a longer time scale, Florence and Whitehill (1981) noted that a large drop in the 

percentage o f multiple droplets occurred only in the first few weeks after which not 

much change was observed. In contrast, Kim et al (1995) noted an initial decrease in 

droplet size followed by an increase, the latter attributed to droplet coalescence. The 

initial reduction in size was thought to be due to the dispersion of multiple droplet 

aggregates. Other workers have reported an increase in droplet size over time, but 

suggest that migration of water from the external to the internal phase could be 

responsible for this change. Davis and Burbage (1978) reported a similar trend in 

changes in droplet size over time. However, the initial decrease was suggested to occur 

as a result o f internal water droplets from the multiple oil droplet. Thereafter, the mean 

diameter increased due to coalescence. The latter theory correlates well with the 

microscopic and particle size data obtained for both Labrafil oils. An initial decrease in 

droplet size could be due to expulsion o f internal droplets, followed by an increase in 

size attributed to coalescence.

5.5.4 The effect o f aqueous bulk phase

The effect o f acid and basic medium was investigated over a range of pH and ionic 

strengths. The presence of various salts had a distinct effect on the properties of the 

multiple droplets produced. Poor quality multiple droplets were produced in both acidic 

and basic media. In addition, as the pH and ionic strength were increased a dramatic 

reduction in the quality o f the droplets was observed. However, from qualitative 

examination alone, the effect o f ionic strength appears to be the most damaging. A 

distinct difference in the performance of the two oils was observed. Labrafac Lipophile
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WL 1349 produced poor droplets with a substantial quantity o f free oil, while Labrafil 

M 1944 CS formulations produced multiple droplets with a liquid crystal internal phase.

Poorly developed multiple structures could be attributed to a change in the osmotic 

gradient o f the system. When multiple emulsions were previously formed in water, 

external water was solubilised by inverse surfactant micelles, to form the internal water 

droplets o f the multiple structure. Therefore, when the surfactant was initially placed in 

the external aqueous phase, poorly developed multiple droplets were produced (Chapter 

4). However, when the external media contains electrolytes, any osmotic driving force 

previously present would be hindered and the solubilisation o f water made difficult. 

Many studies have investigated the effect o f electrolytes and physiological media on the 

performance o f multiple emulsions (Matsumoto and Khoda, 1980; Matsumoto et al, 

1985; Gohla and Nielsen, 1995; Kim et al, 1995; Okochi and Masahiro, 1996). Kim et 

al (1995) examined the effect o f osmotic pressure on multiple structures. At higher 

external electrolyte concentrations, a reduction in the medium droplets diameter was 

observed, as the internal water, migrated to the external aqueous phase. In addition, it 

has been reported that ester type surfactants are easily hydrolysed in strongly acidic and 

basic medium. Therefore the performance o f Tween 80 and the contribution o f PEG 

esterified fatty acids as surfactant molecules may be reduced. Okochi and Masahiro 

(1996) investigated the effect of physiological media, pH 7.4 buffer and serum on the 

stability o f a multiple emulsion formulation. No change in droplet size was noted, 

however, it was found that the oil film integrity was reduced by an increase in ionic 

strength o f the buffer.

Although poorly developed multiple droplets were produced for both oils, Labrafil M 

1944 CS produced internal liquid crystalline phases opposed to water droplets. Other 

workers have reported the presence of liquid crystals at the interfaces in the presence of 

electrolytes (Ohwaki et al, 1992; Vaziri and Warburton, 1995). Ohwaki et al (1992) 

postulated that in the presence o f certain additives, the interfacial tension would 

decrease, leading to the orientation o f hydrophilic surfactants at the w/o interface to 

form liquid crystals. The formation o f liquid crystals in multiple emulsions could be 

useful to incorporate lipophilic actives such as vitamins and improve the stability of 

multiple droplets (Bevacqua et al, 1991; Vaziri and Warburton, 1995). Other studies 

have reported that the presence o f salts improves the rigidity o f the membrane (Brodin
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et al, 1978; Matsumoto et al, 1985). This is achieved by a process known as ‘salting 

out’. The electrolytes and the surfactant compete for the limited amount o f water present 

in the internal phase. As the surfactant molecules are not sufficiently associated with 

water molecules, the HLB of the surfactant decreases. Brodin et al (1978) noted at high 

salt concentrations, breakdown of multiple droplets occurred. It was postulated, that as 

the salt concentration is further increased, the interfacial layer becomes more condensed 

until the surfactant molecules are no longer able to stabilise the system. This may have 

occurred in this study.

The presence o f liquid crystals in the internal phase of the multiple droplets may explain 

why partial phase inversion was not observed for 90% Labrafil M 1944 CS/10% Tween 

80 in this media. In water, the two peaks have been reported to represent two distinct 

populations. The lower end distribution, peak A mainly represents simple o/w droplets, 

whereas peak B, represents w/o/w multiple droplets. The formation of simple o/w 

droplets is thought to be as a result of surfactant migration from the internal w/o 

interfaces o f the multiple droplets to the external aqueous phase. This would lead to the 

breakdown o f the multiple droplets. This process, known as phase inversion, does not 

proceed to completion in water as peak B is still evident. However, in acidic and basic 

conditions this process appears to be inhibited, perhaps as the surfactant molecules 

present in the liquid crystal phase are unable to migrate from the inner ‘droplets’ to the 

external aqueous phase (depicted by the absence o f peak A).

The use o f electrolytes to inhibit the phase inversion o f multiple droplets has recently 

been exploited by a new one-step technology called Partial Phase Solu-Inversion 

Technology or PPSIT (Gohla and Nielsen, 1995). To prevent the inversion o f a w/o/w 

emulsion to a single o/w emulsion upon cooling, controlled salting out o f the 

hydrophilic surfactant is employed to stabilise the multiple droplets. The electrolytes 

decrease the HLB of the system and inhibit the migration o f surfactant, which would 

lead to phase inversion.

As poorly developed multiple droplets were formed when prepared in situ in both 

gastric or intestinal media, multiple droplets were produced in water prior to addition to 

both simulated gastric and intestinal media. Some form of multiple structure was 

retained in simulated gastric conditions, but of a smaller droplet size. This could be due

214



Chapter 5 Characterisation o f  Self-Emulsifying Multiple Emulsions

to the expulsion of internal water droplets that has previously has been reported to occur 

under an osmotic gradient. Alternatively the presence o f surfactant, sodium lauryl 

sulphate in the external phase may alter the interfacial tensions and thus the overall 

droplet size.

Internal liquid crystals were noted for Labrafil M 1944 CS emulsions. Liquid crystals 

may be formed as a result o f water migration from the internal to the external phase 

caused by the osmotic gradient. The lack o f internal water results in the salting out of 

the surfactant molecules. As simple o/w droplets (peak A), were already present in the 

water phase before transfer to the gastric environment, these were still present when 

sampled after a two hour mixing period in gastric media.

On addition to a simulated intestinal environment, Labrafac Lipophile WL 1349 

emulsions ‘cracked’ and Labrafil M 1944 CS emulsions underwent complete phase 

inversion. Solubilisation of surfactant material into the core o f lecithin/bile salt micelles 

could be responsible for the destruction o f multiple droplets. This is still surprising as 

the surfactants had formed liquid crystal structure, which in phosphate buffer and 

hydrochloric acid had inhibited phase inversion. Chiang et al (1978) performed in vitro 

studies investigating the effect o f bile salts on the stability o f the oil membrane. Bile 

salts were found to have an adverse effect on the liquid membrane. However, it was 

postulated that in vivo, the presence o f food would buffer the effects o f bile salts and 

thus reduce the effective bile salt concentration. Furthermore, the complete phase 

inversion o f multiple droplets containing liquid crystals may be caused by an increase in 

the interfacial layer until the surfactant molecules are unable to stabilise the interface 

leading to destabilisation o f the multiple droplet (Brodin et al, 1978).
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5.6 Conclusions

These investigations have demonstrated that a number o f formulation factors can affect 

the properties o f the multiple emulsions. In particular, the nature o f the oil phase and the 

type and concentration o f surfactant can have a tremendous effect on the structural 

nature o f the droplet, the ratio o f multiple to simple droplets, the rate of character 

development and its stability. Unfortunately, the present formulation consisting of a 

Labrafil oil and a non-ionic surfactant, does not possesses sufficient stability to 

withstand the expected conditions in the gastrointestinal tract. Both the pH and the ionic 

composition o f the media has a detrimental effect on the multiple structure. However, 

this does not diminish the potential for delivery of a ‘spontaneously’ forming multiple 

emulsion delivery system. Further work to investigate other surfactants in different 

combinations could yield a successful formulation.
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6. THE I N  V I T R O  LIPOLYSIS OF 

POLYGLYCOLYSED GLYCERIDE/NON- 

IONIC SURFACTANT MIXES

6.1 Introduction

The use o f emulsions (either SEDDS or conventional emulsions) as vehicles for oral 

delivery of poorly soluble drugs will theoretically result in the drug being presented to 

the gastrointestinal tract as a fine molecular dispersion. This would provide a 

comparatively large surface area, from which diffusion into the aqueous phase may take 

place. However, there is now overwhelming evidence that the metabolism and 

absorption o f the vehicle itself may play a central role in the drug uptake process. 

Several studies have reported a substantial improvement in the absorption of poorly 

soluble drugs when administered with digestible lipids (Bloedow and Hayton, 1976; 

Yamahira et al, 1979; Patton and Gilford, 1981; Palin et al, 1982; Myers and Stella, 

1992; Humberstone and Charman, 1997). For example, Myers and Stella (1992) used 

digestible and non-digestible lipid formulations o f penclomedine showing that 

bioavailability was greatest from medium chain triglycerides, followed by long chain 

triglycerides and mineral oil. This rank order corresponded to the digestibility of the 

lipid. The benefits o f lipid digestion have also been demonstrated by formulating drug 

compounds with lipid digestion products. Stella et al (1978) noted a significant increase 

in absorption o f an orally administered hydrophobic anti-malarial when formulated in 

oleic acid. Similar results were obtained by Tokumura et al (1987) when cinnarizine 

was formulated using oleic acid. In order to allow consideration o f the relevant 

mechanisms to drug absorption from lipid emulsion systems the processes associated 

with fat digestion will be outlined.
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6 . 1.1 Absorption o f lipids from the gastrointestinal tract

The major component o f dietary lipids are triglycerides. These are fatty acids esters of 

glycerol with a general structure displayed in Figure 6.1.

Figure 6.1 The basic structure o f a glycerol backbone where represents saturated or 
unsaturated alkyl chains of chain lengths usually between Q  to Cjg

CH2 - O - C O - R '

C H - O - C O - R '

C H z - O - C O - R ^

On ingestion, a coarse emulsion is produced in the stomach by mechanical agitation. 

Dietary phospholipids act as emulsifying agents by forming a monolayer around the 

triglyceride droplet, to aid the émulsification process (Carey et al, 1983). 10-40% of 

normal fat digestion takes place in the stomach by lipase enzymes from several sources, 

but particularly by human gastric lipase, a glycoprotein which is secreted from the chief 

cells in the fundic region o f the stomach (Abrams et al, 1988; Moreau et al, 1988). 

Hydrolysis occurs producing predominantly diglycerides and fatty acids.

The emulsion then passes to the upper section of the small intestine, where the presence 

o f lipids stimulates the evacuation of the gall bladder through the chemical mediator 

cholecystokinine. Bile contains bile salts, bile pigments, phospholipids, cholesterol, 

lecithin and mineral salts. Further particle reduction takes place due to the presence o f a 

range of emulsifying agents present in bile such as bile salts, monoglycerides, 

cholesterol, lecithin and lysolecithin. The presence o f physiological surfactants may 

lower the interfacial tension at the o/w interface and thereby allow further 

émulsification to take place under conditions of comparatively low shear.
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The emulsified oil undergoes further lipolysis as a result o f the actions o f triacylglycerol 

acyl hydrolase, typically referred to as pancreatic lipase. Diglycerides undergo further 

hydrolysis to produce one mole|f o f fatty acid and one mole o f monoglyceride, whereas 

hydrolysis o f triglycerides will produce two moles o f fatty acids and one mole of 

monoglyceride. This enzyme acts specifically at the o/w interface in the presence of a 

peptide co-factor, colipase. The surface area exposed to the enzyme is therefore critical 

to the rate o f lipase action. In the absence of colipase, bile salts adsorbed onto the 

interface and inhibit the attachment of the enzyme to the interface. This is overcome by 

the formation o f an enzyme/co-factor complex, which then enables the enzyme to bind 

to the interface.

Hydrolysis o f the triglyceride occurs at the 1 and 3 positions to produce fatty acids, 

diglycerides (which are further metabolised) and 2-monoglycerides. Short chain fatty 

acids are water-soluble and therefore enter into solution before direct absorption into the 

portal system. The water-insoluble products o f digestion remain at the surface of the oil 

droplets and need to be removed for lipase activity to continue. Several studies have 

noted the presence o f liquid crystalline phases near the surface o f the oil droplets 

(Patton and Carey, 1979; Holt et al, 1986; Rigler et al, 1987). Water-insoluble medium 

chain and long chain fatty acids are thought to form this liquid crystalline phase. 

Vesicular structures, both unilamellar and larger multilamellar, have been noted to 

emanate from the liquid crystalline phase. In the presence o f bile salts the lamellar 

phases form multilamellar vesicles which eventually break down to unilamellar 

vesicles. The water-insoluble fatty acids in the form o f unilamellar vesicles are in 

equilibrium with bile salt/fatty acid mixed micelles. This final form maintains the 

otherwise insoluble material in a highly solubilised state. The liquid crystalline phase 

linking the degrading oil droplet to the mixed micellar phase serves as a route for the 

migration o f solubilised hydrophobic drug compounds. Mixed micelles are larger in size 

than simple bile salt micelles and therefore provide a greater capacity for solubilisation 

o f hydrophobic compounds (Bates et al, 1966; 1967; Serajuddin et al, 1988; MacGregor 

et al, 1997). The hydrophilic surface o f mixed micelles facilitates its passage through 

the unstirred water layer (Westergaard and Dietschy, 1976; Embleton and Pouton, 

1997). Stimulated by a lower pH microclimate the mixed micelles dissociate releasing 

the solubilised drug molecule (Lucas et al, 1975; Shiau, 1990). A larger positive
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concentration gradient is thus maintained across the mucosa for diffusion o f lipophilic 

materials across the intestinal mucosa.

Once in the intestinal epithelial cells, medium and short chain fatty acids are transported 

directly via the portal route whereas long chain monoglycerides and fatty acids are re- 

esterified into triglycerides mainly by the monoacylglycerol pathway (Cheema et al, 

1987). Figure 6.2 presents a flow diagram of the route o f transport for digestion 

products o f different fatty acid chain lengths. Note that this is a generalisation as some 

long chain fatty acids have been reported to be transported directly via the portal route 

(McDonald et al, 1980). The long chain triglycerides then form a lipoprotein complex 

called chylomicron, which contains cholesterol, phospholipids and a lipoprotein layer. 

These lipoproteins are subsequently taken up by the lymphatic system. In general, short 

chain and medium chain fatty acids do not form substrates for chylomicron formation 

and are absorbed by the portal blood supply.

Figure 6.2 A flow chart to represent the pathway o f absorption for fatty acids of different 
chain length (adapted from Myers and Stella, 1992)
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6.1.2 Mechanisms associated with drug absorption from digestible lipids

Several possible mechanisms associated with improvements in bioavailability from 

digestible lipids have been described in the literature. For lipophilic drugs with a high 

oil affinity the normal partitioning o f the drug into the aqueous phase would be 

negligible. In this case, drug release may be dependent on lipid digestion to prevent an 

otherwise sequestered formulation (Tarr and Yalkowsky, 1989). The presence o f lipids 

may also cause physiological effects by acting directly as penetration enhancers or 

indirectly to stimulate the release o f physiological surfactants (which aid émulsification 

thereby increasing the surface area for release and enzyme activity), lipase enzymes 

(enhancing drug solubilisation by the formation of mixed micelles) and inhibiting 

gastric emptying and GI motility (allowing more time for absorption) (Hunt and Knox, 

1968; Carrigan and Bates, 1973; Bates and Sequeira, 1975; Muranushi et al, 1986). The 

formation o f mixed micelles is a central issue to maintain the drug in a solubilised state. 

If  this does not occur the benefits associated with avoidance o f the rate limiting 

dissolution step will be lost. In addition, the formation o f mixed micelles allows a 

greater concentration gradient of drug across the intestinal mucosa for absorption. 

Although the physiological processes may be induced by the presence o f undigested 

triglyceride lipid, many studies have found that the products o f lipid digestion exhibit a 

more potent effect (Ivy, 1934; Card, 1941; Sjovall, 1954; Hunt and Knox, 1968).

The type o f fatty acid released is important as well as the rate and extent o f hydrolysis. 

Hunt and Knox (1968) reported that despite rapid hydrolysis o f medium chain 

triglyceride lipids, medium chain fatty acids are ineffective in slowing gastric emptying. 

In addition, the fatty acid chain length and degree o f unsaturation has been reported to 

influence the absorption pathway o f the lipid and therefore the drug (Palin and Wilson, 

1984; Holmberg et al, 1990). Long-chain fatty acids, particularly those with unsaturated 

double bonds, are transported to the general blood circulation via the lymphatic system 

in the triglyceride lipid core o f chylomicron lipoproteins. This absorption pathway 

minimises hepatic first pass metabolism by entering the circulation directly by the 

internal jugular vein, thereby creating the potential to enhance the bioavailability of 

hepatically metabolised compounds. There is also a potential to selectively target 

compounds to particular regions o f the lymphatic circulation to treat specific disorders 

o f the lymphatic system.
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6.2 Present Investigation

Many studies have found that the nature o f the oil and surfactant material can affect the 

extent and kinetics o f the digestion process (Carrigan and Bates, 1973; Bates and 

Sequeira, 1975; Noguchi et al, 1977; Tarr and Yalkowsky, 1989; Myers and Stella, 

1992). The extent o f digestion is an important consideration in terms of the overall 

concentration o f digestion products released and the percentage release for highly oil- 

soluble drugs (otherwise sequestered). The rate o f lipolysis is important to ensure 

precipitation o f the drug does not occur through rapid lipid digestion resulting in a drug 

concentration greater than the compound’s solubility in the mixed micelle phase. In this 

case the initial benefit o f maintaining the drug in solution to avoid the rate limiting 

dissolution step would be lost (Challis, 1991). In addition, rapid hydrolysis may 

destabilise the emulsion leading to adverse effects on emulsion droplet size (Challis, 

1991).

The aim of this investigation is to establish the factors that determine the in vitro 

lipolysis o f a range o f Labrafil oils and optimised oil/surfactant self-emulsifying 

formulations and to determine the effect o f surfactant concentration. The importance of 

fatty acid chain length, degree of unsaturation and PEG estérification m il be 

investigated. The lipolysis o f all six Labrafil oils (100%) was determined. The 

following optimised oils or oil/surfactant self-emulsifying formulation were examined: 

100% Labrasol, 90% Labrasol/10% Tween 80, 90% Labrafac CM 10/10% Tween 80, 

60% Labrafil M 2125 CS/40% Tween 80, 50% Labrafil M 1944 CS/50% Tween 80 and 

60% Labrafac Lipophile WL 1349/40% Tween 80. All self-emulsifying formulations 

produced stable submicron droplets in simulated gastric and intestinal fluid. Moderate 

to good visual self-emulsifying properties in terms o f their ability to spread and mix 

with the bulk phase in the absence o f applied mechanical agitation was also observed. 

The effect of surfactant concentration was determined for Labrafac Lipophile WL 1349 

over the range o f 100% oil to 60% oil/40% surfactant. In addition, Labrasol was 

employed as a lipophilic surfactant for 60% Labrafac Lipophile WL 1349/40% Labrasol 

mix. Labrasol has been previously reported to overcome surfactant induced inhibition of 

lipolysis (RPShearer Patent).
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6.3 Experimental Methods

Pancreatic lipase in the presence o f its co-factor colipase catalyses the lipolysis of a 

triglyceride substrate into one mole o f 2-monoglyceride and two moles o f fatty acids. It 

is possible to assess the rate and extent of lipolysis by continuously titrating the 

liberated fatty acid with a known concentration o f sodium hydroxide. A pH stat method 

was used as an in vitro technique for assessing the lipolysis o f oily formulations. In a 

low buffered medium, as the triglyceride is hydrolysed, the fatty acid released causes 

the pH of the medium to fall. In response, sodium hydroxide would be appropriately 

dispensed to maintain a constant pH. The number o f moles o f sodium hydroxide would 

then equate to the number o f moles of fatty acid and thus relate to the extent and rate of 

lipolysis. (Challis, 1991; MacGregor et al, 1997)

A 736 GP Titrino (Metrohm UK) was used as the titrating unit. A constant temperature 

o f 37°C was maintained by the use o f a water-jacketed vessel. The pH electrode was 

calibrated with standard pH 4 and 7 buffers. All experiments were performed in freshly 

prepared fasted simulated intestinal fluid, FaSIF (Chapter 5). This buffer formulation 

was obtained from a study designed to investigate the likely situation in the human 

small intestine under both fasted and fed state. The simulated media contains a single 

bile salt, sodium taurocholate and lecithin to represent a bile mixture in the small 

intestine. Challis et al (1990a) reported similar digestion profiles with media containing 

a single bile salt, sodium taurocholate and a simulated bile salt mixture at pH values less 

than 7.5. Both components would sufficiently lower the interfacial tension and be 

available to form mixed micelles with any digestion products released thus removing 

the products o f digestion from the interface for the reaction to continue. Fasted state 

conditions were employed, as it is not known what volume o f pharmaceutically 

administered lipid is required to stimulate fed state conditions in the gastrointestinal 

tract. In addition, the bile salt, sodium taurocholate was in short supply and very 

expensive thus limiting the concentrations that could be used (fed state conditions 

would require 15mM of sodium taurocholate, Dressman et al, 1998). The buffer 

capacity was low, thereby ensuring that even small concentrations o f fatty acid liberated 

would cause the pH to fall.
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l.Og o f substrate was added to lOOmls of FaSIF media (Chapter 5) and transferred to the 

reaction vessel. The stirrer was activated at a suitable level to ensure adequate agitation. 

O.IM sodium hydroxide solution was chosen as the titration concentration. 2.0mls of 

distilled water was added to 0.5g of pancreatin (Sigma-Aldrich, Dorest UK) which was 

pre-incubated at 37°C for 20 minutes. Pancreatin was obtained from porcine origin as a 

human version is not commercially available. Studies have shown similar properties 

between human and porcine origin (Vandermeers et al, 1974). The pH of the reaction 

mixture was adjusted to pH 6.8 and monitored to ensure a constant pH and temperature 

over a 30 minute time interval. Challis et al (1990b) reported optimum lipase activity in 

the presence o f bile salts at pH 7.0, when investigating a pH range from 5.0 to 8.5 in 0.5 

increments. At 30 minutes, the timer was set to zero and 1.0ml o f pancreatin solution 

was added to the vessel (2.0ml pancreatin suspension was centrifuged at 15000 rpm for 

10 minutes). The titration system was immediately activated with the end-point set at 

pH 6.8. Titration readings were noted every three seconds. After 3 hours and 30 minutes 

the total volume o f titrant dispensed was noted. Several control experiments were 

carried out, two negative controls the first containing no substrate and the second 

consisting of l.Og o f Tween 80 alone. A positive control was performed for 70% 

Miglyol 812/30% Tween 80 emulsion. In vitro digestion for each formulation was 

repeated four times.
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6.4 Results

It is necessary to determine both the rate o f enzyme activity and the overall extent of 

lipolysis. To compare the extent of lipolysis of different formulations, the percentage of 

lipolysis over a fixed time o f 12000 seconds was determined. With the exception of the 

positive control experiment, 70% Miglyol/30% Tween 80, all other formulations had 

come to effective completion over this time period indicated by the tailing of the 

volume o f sodium hydroxide dispensed. Using an estimation o f the mean molecular 

mass o f the lipid, it is possible to estimate the potential number o f fatty acid molecules 

produced assuming the reaction went to 100% completion. Pancreatic lipase in the 

presence o f its co-factor colipase, catalyses the lipolysis o f one mole o f triglyceride to 

one mole o f 2-monoglyceride and two moles o f fatty acid as stated in the equation 

below;

1TG=> IMG + 2FA

As one mole o f sodium hydroxide reacts with one mole o f fatty acid, the total number of 

moles o f sodium hydroxide dispensed over 12000 seconds is equal to the number of 

moles o f fatty acid present. Therefore it is possible to express the data as the percentage 

o f lipolysis over a specified time period. As the initial number o f moles of substrate is 

known from the molecular weight and volume added to the reaction vessel.

The low buffering capacity of the media could allow the pH to fall by the atmospheric 

absorption o f carbon dioxide and digestion o f lecithin and/or surfactant. To monitor any 

changes in pH caused by means other than digestion of the lipid substrate, two control 

experiments were performed over the same time period. The first contained only the 

fasted simulated intestinal fluid (FaSIF: lecithin, bile salts and mineral salts) while the 

second contained l.Og o f Tween 80 in FaSIF. The total volume o f sodium hydroxide 

dispensed was less than 0.01 mis for both experiments, indicating negligible changes in 

pH due to external variables. Adjustment o f sodium hydroxide volumes to further 

experiments was therefore not required. A third positive control was introduced to 

confirm the operational principles of the in vitro method used. 70% Miglyol/30% 

Tween 80 underwent hydrolysis as shown in Figure 6.3.
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Figure 6.3 The lipolysis o f  70% M iglyol/30%  Tween 80, a positive control (the error 
incurred was within the size o f  the symbols)
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Lipolysis of 100% Labrafll emulsions

The extent of lipolysis over 12000 seconds and the maximum reaction rate for 100% oil 

formulations are presented in Table 6.1. The graphical profile of the results is displayed 

in Figure 6.4. The maximum rate of lipase action, ratci, was determined by calculating 

the initial rate of reaction once the lag phase was completed. The reaction rate of the 

enzyme once the substrate is in - j io r t supply, ratë2> was also calculated for some 

formulations as identified in Figure 6.4. The volume of sodium hydroxide dispensed 

was plotted against time. The reactions follow a two-step kinetic model. For all 

formulations, the initial reaction rate was fast as the substrate was plentiful. As the 

reaction proceeds, the quantity of substrate diminishes thus a reduction in the rate of 

reaction is observed, indicated by a smaller gradient.

The rank order starting from the most digestible lipid was as follows: Labrafac 

Lipophile WL 1349, Labrafac CM 10, Labrafll M 2125 CS, Labrafil M 1944 CS, 

Labrasol and Labrafil WL 2609 BS. From Table 6.1, it is evident that the hydrolysis of 

100% Labrafac Lipophile WL 1349 (unesterified MCT) emulsion proceeds almost to
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completion (98.6%). In contrast, PEG esterified oils irrespective o f the fatty acid chain 

length were not digested very well. By comparing the reaction profiles o f Labrasol 

(MCT, PEG 400: 5.8%) and Labrafac Lipophile WL 1349 (MCT, no estérification: 

98.6%) it is evident that the PEG estérification o f the triglyceride molecules has an 

inhibitory effect on the lipolysis of the lipid. The maximum reaction ratei was also 

significantly greater for Labrafac Lipophile WL 1349 at 0.47ml/min compared to 

O.Olml/min for Labrasol. This inhibitory effect o f large PEG groups was also noted for 

LCT lipids. For example, a three-fold increase in the extent o f lipolysis was noted for 

Labrafil M 2125 CS, 13.7% (LCT, PEG 6) compared to Labrafil WL 2609 BS, 4.5% 

(LCT, PEG 400). The initial reaction rate also reflected this difference, an almost eight

fold increase was observed for Labrafil M 2125 CS.

In general, medium chain triglycerides underwent lipolysis to a greater extent than long 

chain triglyceride lipids. However, the effect o f fatty acid chain length was difficult to 

determine as the size o f the PEG molecule also varied for different lipid formulations. 

Nevertheless, a three-fold increase in the extent o f lipolysis was noted for Labrafac CM 

10 at 28.3% (MCT, PEG 200) compared to Labrafil M 1944 CS at 9.5% (LCT, PEG 8) 

despite the larger PEG group of the former. Labrafac Lipophile WL 1349 (unesterified 

MCT) essentially underwent complete lipolysis compared to Labrafil M 2125 CS (LCT, 

PEG 6). However, when comparing the extent o f lipolysis for Labrasol (MCT, PEG 

400) and Labrafil WL 2609 BS (LCT, PEG 400), the medium chain triglyceride shows 

only a marginally greater percent lipolysis than the long chain triglyceride preparation. 

This suggests that at high PEG estérification differences in fatty acid chain length are 

superseded by the size of the PEG group. These results clearly indicate that in this case 

the effect o f PEG estérification appeared to play a more significant role in the overall 

extent o f lipolysis than the fatty acid chain length.

The effect o f unsaturation can be examined by comparing the results o f Labrafil M 2125 

CS (LCT, PEG 6, C18:2 - 53-63%) and Labrafil M 1944 CS (LCT, PEG 8, C18:2 - 22- 

32%). The extent o f lipolysis was marginally greater for Labrafil M 2125 CS, which 

contains a greater percentage o f unsaturated fatty acids (C l8:2) than Labrafil M 1944 

CS. However, these differences could also be attributed to the inhibitory effect o f the 

larger PEG group for Labrafil M 1944 CS. Further oils would need to be examined to 

determine the effect o f unsaturation on lipid digestion.
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Table 6 .1 Extent o f lipolysis over 12000s (%) and Maximum Ratei (ml/min) fo r  100% 
Labrafll formulations

100% Oil Emulsions Rate ml/min 

(SD)

% Lipolysis 

(SD)

Labrasol 0.01 (<0.01) 5.8 (0.8)

Labrafac CM 10 0.15 (<0.01) 28 .3(1 .4)

Labrafil WL 2609 BS 0.004 (<0.01) 4.5 (0.5)

Labrafil M 1944 CS 0.03 (<0.01) 9.5 (0.2)

Labrafil M 2125 CS 0.03 (<0.01) 13.7 (0.7)

Labrafac Lipophile WL 1349 0.47 (0.03) 98.6 (2.3)

Figure 6.4 The lipolysis o f 100% Labrafil oil emulsions (the error incurred was within the 
size o f  the symbols)
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Lipolysis o f optimised SEDD formulations

Table 6.2 displays the extent of lipolysis and the maximum reaction rate for a number of 

optimised oil/surfactant self-emulsifying systems. From these results it is evident that at 

high surfactant concentrations the lipolysis of the triglyceride lipid diminished. 90% 

Labrasol/10% Tween 80 and 90% Labrafac CM 10/10% Tween 80 showed similar 

percent lipolysis and initial reaction rates to the 100% lipid emulsions. However, 

formulations that contained 40% to 50% Tween 80 showed a significant reduction in the 

extent and rate o f lipolysis, which in some cases resulted in complete inhibition. Figure 

6.5 displays the volume o f sodium hydroxide dispensed vs time profile for 100% 

Labrafil M 2125 CS and the ideal SEDDS, 60% Labrafil M 2125 CS/40% Tween 80. A 

significant reduction in extent o f hydrolysis and reaction rate, indicated by the smaller 

gradient, was noted. A substantial inhibition in the ratei and extent o f lipolysis was 

noted for 60% Labrafac Lipophile WL 1349/40% Tween 80 compared to the 100% oil 

formulation.

Table 6.2 Extent o f lipolysis over 12000s (%) and maximum ratei (ml/min) for self- 
emulsifying Labrafil/Tween 80 formulations

SEDD Formulations Rate ml/min 

(SD)

% Lipolysis 

(SD)

100% Labrasol 0.01 (<0.01) 5.8 (0.8)

90% Labrasol/10% Tween 80 0.009 (<0.01) 6.3 (0.7)

90% LabCM 10/10% Tween 80 0.13(<0.01) 25.3 (1.4)

50% Lab 1944 CS/50% Tween 80 0.008 (<0.01) 3.3 (0.3)

60% Lab2125 CS/40% Tween 80 0.01 (<0.01) 5.5 (0.3)

60% Lab 1349/40% Tween 80 0.002 (<0.01) 1.6 (0.1)
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Figure 6.5 A comparison between the lipolysis o f  60% Labrafil M 2125 CS/40% Tween 80, 
a self-emulsifying formulation and 100% Labrafil M 2125 CS emulsions (the 
error incurred was within the size o f  the symbols)
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6.4.3 Effect o f surfactant concentration and type on lipolysis of Labrafac 

Lipophile WL 1349

The effect o f Tween 80 surfactant concentration on the extent and rate of lipolysis of 

Labrafac Lipophile WL 1349 are presented in Table 6.3. It is clearly evident that there 

is a substantial reduction in the extent of lipolysis even at 10% surfactant levels (Figure 

6.6a). Essentially, complete inhibition was observed at surfactant concentrations greater 

than 10%. However, when 40% Tween 80 was replaced by 40% Labrasol (classified as 

a lipophilic surfactant) initial inhibition was noted followed by complete recovery 

(Figure 6.6b). Although the initial rate of hydrolysis was minimal, 0.03ml/min at around 

9000 seconds, the rate suddenly increases to 0.56ml/min giving a cumulative 96.6% 

lipolysis over 12000s. These results are supported by the S-shaped curve displayed in 

Figure 6.6b, which indicates an initial slow rate o f lipolysis followed by a sharp 

increase until complete recovery was attained.

Table 6.3 The effect o f Tween 80 surfactant concentration on the lipolysis of Labrafac 
Lipophile WL 1349formulations

Formulation Ratei ml/min % Lipolysis

(SD) (SD)

100% Labrafac Lipophile WL 1349 0.47 (0.03) 98.6 (2.3)

90% Labl349/10% Tween 80 0.012 (<0.01) 24.7 (2.6)

80% Lab 1349/20% Tween 80 0.005 (<0.01) 3.9 (0.3)

70% L ab i349/30% Tween 80 0.005 (<0.01) 3.0 (0.4)

60% Lalk49/40% Tween 80 0.002 (<0.01) 1.6 (0.1)
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Figure 6.6a The ejfect o f Tween 80 surfactant concentration on Labrafac Lipophile WL 
1349formulations (the error incurred was within the size o f  the symbols)
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Figure 6.6b The lipolysis o f 60% Labrafac Lipophile WL 1349/40% Labrasol emulsion (the 
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6.5 Discussion

Several studies have reported that the extent and rate o f metabolism vary according to 

the fatty acid chain length, polarity and the degree o f unsaturation o f the lipid phase 

(Bloedow and Hayton, 1976; Shah et al, 1989; Myers and Stella, 1992; Lowe, 1994; 

MacGregor et al, 1997). In this study, medium chain triglycerides were hydrolysed to a 

greater extent than long chain triglycerides. Other workers have also reported greater 

digestibility o f medium chain triglycerides compared to long chain triglycerides 

(Yamahira et al, 1979; Myers and Stella, 1992; MacGregor et al, 1997). MacGregor et 

al (1997) reported greater digestibility of medium chain triglycerides compared to long 

chain triglycerides at low bile salt concentrations. 43% of medium chain triglycerides 

were hydrolysed in 30 minutes compared to 8% of long chain triglycerides in an 8mM 

bile salt/1.5% lecithin medium. However, at higher bile salt concentrations (260mM) 

very little difference was observed between medium and long hydrolysis. In addition, 

the extent o f hydrolysis for both lipid types was much greater than those produced at 

low bile salt concentrations (63-65%). It was postulated that an excess concentration of 

bile salts is needed to solubilise the digestion products, which would otherwise remain 

at the o/w interface and inhibit further hydrolysis. These results suggest long chain fatty 

acids in particular are likely to require a greater concentration o f bile salts due to their 

insoluble nature and larger size. Studies have shown bile salt concentrations to be in the 

region o f 15mM under fed state conditions (Dressman et al, 1998). However, to employ 

fed state concentrations of bile salts would be too expensive for this investigation. 

Further studies on selective formulations are required to investigate any difference in 

hydrolysis of medium and long chain triglycerides under fed state conditions.

The presence o f PEG esterified fatty acids and non-ionic surfactant. Tween 80 showed 

significant inhibition or hindrance to the lipolysis process. Several other workers have 

reported an inhibition o f lipid digestion by hydrophilic surfactant molecules (Patton and 

Carey, 1981; Gargouri et al, 1986; Larsson and Erlanson-Albertson, 1986; Solomon et 

al, 1996; MacGregor et al, 1997). For example, Cremophor RH40, an ethoxylated 

triglycéride surfactant, inhibited in vitro lipolysis o f a medium chain length triglyceride 

over a 90 minute period (MacGregor et al, 1997). A number o f theories have been
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proposed to explain the inhibition o f lipase activity by surfactant molecules. For 

example, the presence o f surfactant molecules at the o/w interface may occlude the 

attachment o f lipase and/or its co-factor colipase to the interface by stearic or 

electrostatic inhibition (Borgstrom and Erlanson, 1973; Borgstrom, 1977; Borgstrom 

and Erlanson-Albertsson, 1984; Challis, 1991; O'Driscoll, 1996). It has been suggested 

that competition occurs for hydrophobic interfacial interactions between the surfactant 

and the enzyme/co-factor (Borgstrom, 1977). Others have suggested direct binding of 

the surfactant to the enzyme or co-factor altering its confirmation and thus preventing it 

fi*om binding to the interface (Borgstrom and Donner, 1976; Borgstrom and Erlanson- 

Albertsson, 1986; Embleton and Pouton, 1997). A study by Nano and Sarvary (1976) 

concluded that a reduction in the interfacial tension below a critical value may inhibit 

the adsorption o f lipase to the interface. This would be dependent on the effectiveness 

o f the surfactant to adsorb to the interface.

In this study, the extent o f lipolysis was low for PEG esterified oils particularly those 

with larger PEG groups compared to Labrafac Lipophile WL 1349 (unesterfied MCT). 

The addition o f Tween 80 reduced the lipolysis o f all formulations including Labrafac 

Lipophile WL 1349. As the concentration o f Tween 80 was increased above 10% 

almost complete inhibition was observed. Polyethylene glycol mono- di- and 

triglycerides, like Tween 80 lie at the o/w interface with the hydrophobic group 

remaining in the oil phase and the polar head group protruding towards the water front 

at the interface. In many respects PEG esterified lipids may behave as non-ionic 

surfactant molecules by containing both polar and non-polar moieties which due to their 

positioning may stearically interfere with the binding o f enzyme or co-factor to the 

interface.

The effect of surfactant concentration on the inhibition o f Labrafac Lipophile WL 1349 

may be explained in terms o f the critical thickness o f the oxyethylene mantle on the 

surface of the oil droplets. Soloman et al (1996) investigated the effect o f surfactant 

HLB on the hydrolysis of a medium chain triglyceride lipid using a series of nonyl 

phenol ethoxylates. A pronounced inhibitory effect was noted for surfactants with an 

HLB value between 12-15. In contrast, with surfactants o f very low and intermediate 

HLB, hydrolysis continued unimpeded but the end point was lowered. It was suggested 

that the thickness o f the hydrated oxyethylene surfactant mantle around the oil droplet

234



Chapter 6 The In Vitro Lipolysis o f  Polyglycolysed Glyceride/Non-Ionic Surfactant Mixes

increases with increasing HLB, until a critical point is reached preventing the 

attachment of the lipase or colipase to the interface. In this study, Tween 80 surfactant 

concentrations greater than 10% essentially displayed complete inhibition. A 

proportional concentration dependent effect above this level was not observed. This is 

not surprising since it is the concentration o f surfactant at the oil/water interface that is 

important rather than that in the bulk medium. These results suggest that Tween 80 

surfactant concentrations between 10-20% is sufficient to coat the interface and prevent 

lipase action. Nevertheless, some retardation o f lipolysis may be beneficial by 

preventing destabilisation o f the emulsion which may cause larger droplet sizes and/or 

precipitation o f the drug compound.

Further studies have reported that the inclusion o f a lipophilic surfactant can partially or 

completely reverse the inhibition caused by a hydrophilic surfactant (MacGregor et al, 

1997; RPShearer Patent). Lipophilic surfactants can themselves be a digestible substrate 

and would not form a permanent barrier to the attachment o f lipase and/or its co-factor. 

In addition, a digestible surfactant would allow a reduction in the percentage of non- 

digestible surfactant component required in the formulation, thus reduce surfactant 

related toxicity concerns. In this study, initial inhibition was observed followed by 

complete recovery when 40% Tween 80 was replaced by 40% Labrasol. Digestion 

proceeded at a slow rate initially, as the Labrasol molecules coating the interface was 

first hydrolysed. Thereafter the enzyme and co-factor are exposed to the core containing 

100% Labrafac Lipophile WL 1349 where the reaction can proceed unimpeded. 

However, Labrafac Lipophile WL 1349/Labrasol emulsions displayed poor visual self- 

emulsifying properties and large droplet sizes (medium droplet size o f 134.8pm SD of 

12.65), indicating that the ability of the surfactant to adsorb to the interface and 

successfully lower the interfacial tension was poor in comparison to Tween 80. This 

suggested that Labrasol is a weaker emulsifying agent and is therefore likely to have a 

lower affinity for the o/w interface and hence produce a reduced inhibitory effect. Thus 

the digestibility and adsorption strength of the surfactant is an important determinant to 

the lipolysis process.
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6.6 Conclusions

The formation o f mixed micelles has been widely reported to improve the solubilisation 

capacity o f hydrophobic drugs in an otherwise hostile aqueous environment. SEDDS 

have been reported to enhance poorly-soluble drug absorption as the rate limiting 

dissolution step is avoided. This benefit can only continue if  when digestion takes place 

the drug in maintained in solution. This is achieved by mixed micellar solubilisation. 

The extent o f solubilisation is dependent on the rate and extent o f lipid digestion and the 

log P, molecular size and shape o f the drug. The products o f digestion have also been 

reported to exhibit a more potent effect on physiological processes such as gastric 

emptying and motility and release o f endogenous surfactants.

The rate and extent o f lipid digestion is important to ensure drug precipitation does not 

occur and adequate supplies of digestion products are released. Polar polyglycolysed 

lipids for example Labrasol and Labrafac CM 10, are excellent self-emulsifying systems 

but are not favourable substrates for lipid digestion. Here the maximum benefit derived 

from mixed micelle solubilisation cannot be attained. In contrast, Labrafac Lipophile 

WL 1349, a non-esterified medium chain triglyceride, with the least favourable self- 

emulsifying properties, undergoes almost complete digestion. However, it is not clear to 

what extent drug precipitation would occur in vivo if  the lipid is rapidly hydrolysed. In 

addition, Labrafac Lipophile WL 1349 requires a high percentage of Tween 80 (40%), 

to form a good self-emulsifying system. However, digestion was inhibited for 

formulations with a surfactant concentration greater than 10%. A compromise between 

an excellent self-emulsifying system and a formulation which underwent moderate 

digestion was observed for 90% Labrafac CM 10/10% Tween 80. Future studies need to 

develop favourable surfactants, which can be employed in high concentrations for 

medium or long chain triglycerides (with no estérification). In this study, 40% Labrasol 

served as a favourable lipophilic surfactant and produced a digestible formulation, 

though with only moderate self-emulsifying properties. Alternatively, PEG esterified 

medium chain oils can be employed but with small PEG groups. These studies show 

that a compromise may need to be drawn between the self-emulsifying properties and 

lipid digestion.
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7. DRUG SOLUBILISATION IN 

OIL/SURFACTANT MIXES

7A Introduction

The benefits associated with delivery via oil/surfactant mixes have been related to their 

ability to maintain the drug compound in solution. This avoids the slow rate limiting 

dissolution step from a solid compound. This can be achieved by maintaining the drug 

in solution in the lipid phase throughout the gastrointestinal tract in a fine dispersion for 

diffusion to occur or for lipolysis to form mixed micellar solubilisation. Charman et al 

(1993) observed a four-fold increase in the bioavailability o f danazol from an emulsion 

formulation compared to the commercially available capsule. This was attributed to an 

increase in the extent o f solubilisation by mixed micelles. Similar results were obtained 

using a glycerol mono-oleate formulation that did not require preabsorptive hydrolysis 

but was able to dissolve lOOpg/dl o f danazol in the lipid phase. The increase in 

bioavailability for this system was attributed to presenting the compound in a highly 

solubilised form. Abrams et al (1978) reported a termination o f the linear 

dose/absorption relationship when the concentration o f drug exceeded its solubility in 

the oil phase. A further increase in drug loading above saturated concentration levels 

resulted in the presence of solid drug particles, which were then subject to the 

dissolution process. These results imply that mixed micellar solubilisation and 

presenting the drug in solution but in small droplets so to increase the interfacial area 

for release are pertinent factors to enhanced bioavailability.

In order for the drug to remain in solution throughout its transit through the 

gastrointestinal tract the initial drug loading capacity must be considered. One of the 

major difficulties in the formulation o f self-emulsifying mixes is to obtain an 

oil/surfactant mix with sufficient drug solubilising capacity to contain the entire dose in 

a volume small enough for administration as a unit dosage form. Therefore the intrinsic 

solubilisation capacity of the oil/surfactant mix needs to be investigated.
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7.2 Present Investigation

Two model poorly water-soluble compounds were studied, mefenamic acid and 

danazol. Mefenamic acid is an example of a poorly water-soluble acid compound and 

danazol an example o f a poorly soluble neutral compound. The chemical structures are 

presented in Figures 7.1a and 7.1b. Mefenamic acid is a non-steroidal anti- 

imflammatory drug used for mild to moderate pain relief. The conditions treated include 

rheumatic arthritis, osteoarthritis, dysmenorrhoea and menorrhagia. The free acid 

aqueous solubility is reported to be 40pg/ml with log P = 5.3 and pKa = 4.2 (TenHoor 

et al, 1991). Mefenamic acid powder was obtained from Sigma-Aldrich (Dorset, UK). 

Danazol is also a poorly water-soluble compound with an estimated aqueous solubility 

o f < lpg/m l and log P = 4.2 (Galia et al, 1998). Danazol inhibits pituitary 

gonadotrophins and is used in the treatment o f endometriosis, mammary dysplasia, 

gynaecomastia and other menstral disorders. Danazol powder was used as obtained 

from Sigma-Aldrich (Dorest, UK).

The percentage o f solubilised compound per ml o f oil was investigated for all six 

Labrafll oils namely; Labrasol, Labrafac CM 10, Labrafil WL 2609 BS, Labrafil M 

1944 CS, Labrafll M 2125 CS and Labrafac Lipophile WL 1349. Further studies were 

also performed on selective oil/surfactant mixes that displayed excellent self- 

emulsifying properties. The following oil/surfactant mixes were studied; 90% 

Labrasol/10% Tween 80, 90% Labrafac CM 10/10% Tween 80, 60% Labrafac 

Lipophile WL 1349/40% Tween 80, 50% Labrafil M 1944 CS/50% Tween 80 and 60% 

labrafll M 2125 CS/40% Tween 80. The drug solubility in distilled water, and simulated 

fasted gastric and intestinal fluid was also measured.
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Figure 7.1a The chemical structure for Mefenamic acid, C]sHisN0 2 , mwt 241.29

CHs

N CHs

Figure 7.1b The chemical structure for Danazol, C22H27 NO2, mwt 337.46

— CH
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73 Experimental Methods

7.3.1 Method A -  Solubilisation capacity determined by HPLC

50mg o f drug was weighed into a 2ml clear glass vial. 1ml o f vehicle was added into 

each vial to which a suitable magnetic flea was added. Four repeats were made for each 

formulation. The vials were then placed in a Zinsser stem stirring/heating block for 24 

hours. The speed was set to 800 rpm and the temperature adjusted to 25°C. After 24 

hours, 250pl o f medium was removed from each vial and centrifuged at 20000rpm for 

15 minutes to separate the undissolved compound. 50pl o f the clear medium was 

removed and diluted in 950pl o f the respective oil to achieve a 1:20 dilution. After a 

further 1:20 dilution into acetonitrile, 50pl was added to the vial for HPLC analysis 

(Hewlett Packard series 1050). Mefenamic acid and danazol was analysed using a 25cm 

Sperisorb ODS 2 5 pm column. The mobile phase for mefenamic acid comprised o f 70% 

solvent A (90% acetonitrile/10% water/0.5% acetic acid) and 30% solvent B (10% 

acetonitrile/90% water/0.5% acetic acid) at a flow rate o f 1 ml/min. Mefenamic acid was 

detected at 280nm wavelength. The mobile phase for danazol was composed of 85% 

solvent A (90% Acetonitrile/10% water) and 15% solvent B (10% Acetonitrile/90% 

water) at a flow rate o f 1 ml/min. Danazol was detected at 270nm.

A calibration curve was set up for each drug over the range o f lOOOpg/ml to 25pg/ml. A 

linear relationship was observed. Samples containing oil and acetonitrile were analysed 

using the set up described above to determine whether the oil interferes with the 

detection wavelength for the drug. All experiments were repeated four times and then 

averaged. The solubility of the drug was also determined in distilled water and fasted 

simulated gastric and intestinal fluid (made up according to Tables 5.4a and 5.4b in 

Chapter 5).
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7.3.2 Method B -  solubilisation capacity determined by visual analysis

In order to analyse the solubility of a compound by HPLC the drug bas to remain in 

solution in the oil phase throughout the separation procedure. The eluting and dilution 

solvents must therefore be compatible with the oil/surfactant mix. For some oils and 

oil/surfactant mix this was not possible with the current solvents employed. Additional 

solvents were investigated through extensive method development for an acceptable 

solvent system. However, a safe and suitable system was not found. For these oils and 

oil/surfactant mixes an approximate determination o f the solubility in 1ml mix was 

performed using visual analysis. The drug solubility for the following oils and 

oil/surfactant mixes were determined by visual observation; Labrafil M 1944 CS, 

Labrafll M 2125 CS, Labrafil WL 2609 BS, 50% Labrafil M 1944 CS/50% Tween 80 

and 60% Labrafil M 2125 CS/40% Tween 80. To 1ml of oil or oil/surfactant mix, drug 

was added in Img increments from 3mg to 25mg. Each vial was stirred at 800 rpm in a 

Zinsser stem stirring/heating block at 25°C and assessed after 24 hours. The experiment 

was repeated three times for each mix.

7,4 Results

The solubility of mefenamic acid and danazol in various oil/surfactant mixes and media 

are expressed as the maximum mass o f drug solubilised (mg) in 1 ml of oil or 

oil/surfactant mix at 25°C. To account for differences in molecular size the solubility 

was also expressed in molar terms for a better comparison. The results are displayed in 

Tables 7.1 and 7.2. The results show that danazol is solubilised to a greater extent than 

mefenamic acid. For example, the solubilisation capacity in 100% Labrasol was almost 

50% greater for danazol compared to mefenamic acid. This could be attributed to the 

nature o f the chemical groups.

From Tables 7.1 and 7.2 it is evident that the solubilisation capacity is affected by the 

hydrophilicity of the oil or oil/surfactant mix. In general, as the system became more 

hydrophilic the solubilisation capacity increased. Figure 7.2 displays the relationship
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between HLB and drug solubility for mefenamic acid and danazol. A linear relationship 

was observed between the polarity o f the oil expressed as the hydrophile/lipophile 

balance and the solubility in mg/ml.

The HLB of the mixes was calculated using the following formula;

HLB mix = f  HLB a +(l-fl.HLBb

where HLB mix is the hydrophile/lipophile balance o f the mixture 

/ i s  the fraction o f component A

HLBa is the hydrophile/lipophile balance of the component A 

HLBb is the hydrophile/lipophile balance o f the component B

For both compounds, hydrophilic formulations such as 100% Labrasol, 90% 

Labrasol/10% Tween 80 and 90% Labrafac CM 10/10% Tween 80 gave the highest 

solubilisation capacities (18.9-22.9mg/ml for mefenamic acid and 25.2-39.Img/ml for 

danazol). In contrast, o f the oils and oil/surfactant mixes investigated 100% Labrafac 

Lipophile WL 1349 (MCT, HLB 1) gave the lowest solubilisation capacity of 2.4mg/ml 

and 6.4mg/ml for mefenamic acid and danazol respectively. The addition of Tween 80 

also increased the solubilisation capacity of the mix. For example, the average solubility 

increased from 5.0mg/ml to 17mg/ml for a 50:50 mix of Labrafll M 1944 CS/Tween 80 

formulation compared to the 100% oil for mefenamic acid. Similar increases were also 

observed for danazol.

The solubility values obtained for distilled water and simulated fasted gastric and 

intestinal fluid are consistent with literature values. As expected mefenamic acid (pKa 

4.2) displayed a higher solubility in FaSIF compared to FaSGF. A greater percentage of 

the^ongonW  would be in the ionised state at pH 6.8 according to the Henderson 

Hasselbalch equation described below;

log = pH  -  pKa 
HA

where A is the concentration of the ionised acidic drug

HA is the concentration o f the non-ionised acidic drug
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The ionised compound exhibits a greater dissolution rate and thus more soluble than the 

unionised form. In contrast, at low pH values in simulated gastric buffer most of the 

compound would be present in the unionised state and therefore displays a lower 

solubility value. The value obtained in distilled water is similar to the literature value of 

40|xg/ml reported by TenHoor et al (1991). The solubility o f danazol was greater in 

simulated gastric fluid than intestinal fluid. Protonation o f the nitrogen and hydroxyl 

group in the acidic media could be responsible for the increase in solubility. The 

experimental value o f the solubility in distilled water is greater than the literature value. 

These differences may be due to experimental error as the true values are approaching 

the limits o f the detection system.

Table 7.1 The average solubility o f mefenamic acid in various media

Formulation (HLB) HLB Ave Solubility 

mg/ml (SD)*

Molar

Solubility/ml

10'^

100% Labrasol 14 20.3 (2.3) 0.084

100% Labrafac CM 10 10 14.9(1.8) 0.062

100% Labrafll WL 2609 BS 6 9.0 (1.0) 0.037

100% Labrafll M 1944 CS 4 5.0 (1.0) 0.021

100% Labrafll M 2125 CS 4 5.0 (1.0) 0.021

100% Labrafac Lipophile WL 1349 1 2.4 (0.03) 0.010

90% Labrasol/10% Tween 80 14.1 22.9 (0.9) 0.095

90% Labrafac CM 10/10% Tween 80 10.5 18.9(1.3) 0.078

50% Labrafil M 1944 CS/50% Tween 80 9.5 17.0(1.0) 0.070

60% Labrafll M 2125 CS/40% Tween 80 8.4 15.0(1.0) 0.062

60% Labrafac Lip 1349/40% Tween 80 6.6 10.1 (0.08) 0.042

Distilled water - 0.033 (<0.01) <10'^

Fasted simulated gastric fluid - 0.003 (<0.01) <10'^

Fasted simulated intestinal fluid - 0.046 (<0.01) <10'^

Results presented to 1 decimal place or more have been calculated using the HPLC method.
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Table 7.2 The average solubility o f danazol in various media

Formulation HLB Ave Solubility 

mg/ml (SD)*

Molar

Solubility/ml

10'^

100% Labrasol 14 39.1 (2.7) 0.117

100% Labrafac CM 10 10 24.9 (0.3) 0.074

100% Labrafll WL 2609 BS 6 14.0 (1.0) 0.041

100% Labrafll M 1944 CS 4 8.0 (1.0) 0.024

100% Labrafll M 2125 CS 4 8.0 (1.0) 0.024

100% Labrafac Lipophile WL 1349 1 6.4 (0.06) 0.019

90% Labrasol/10% Tween 80 14.1 34.8 (0.6) 0.103

90% Labrafac CM 10/10% Tween 80 10.5 25.5 (0.5) 0.076

50% Labrafil M 1944 CS/50% Tween 80 9.5 19.0(1.0) 0.056

60% Labrafll M 2125 CS/40% Tween 80 8.4 17.0(1.0) 0.050

60% Labrafac Lip 1349/40% Tween 80 6.6 15.3 (0.6) 0.045

Distilled water - 0.007 (<0.01) <10'^

Fasted gastric fluid - 0.078 (<0.01) <10'^

Fasted intestinal fluid - 0.008 (<0.01) <10'^

* Results presented to 1 decimal place or more have been calculated using the HPLC method.
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Figure 7.2 The relationship between the solubility o f danazol and mefenamic acid and the 
hydrophile/lipophile balance
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7.5 Discussion

T h e polarity  o f  the o il or o il/su rfactan t m ix  appears to p lay  a s ig n if ica n t ro le  in its 

a b ility  to so lu b ilise  the tw o  m od el co m p o u n d s stu d ied . T h e p o larity  o f  the m ed ia  can  be 

d eterm in ed  b y  the s iz e  o f  the PEG  group, fatty  acid  ch a in  len g th  and the p ercen ta g e  o f  

h yd rop h ilic  n o n -io n ic  surfactant, T w e en  80 . A ll th ese  factors a ffe c ted  the so lu b ility  o f  

b oth  co m p o u n d s w h en  ex a m in ed  in d iv id u a lly . T h e e ffe c t  o f  PE G  esté r ific a tio n  can  be 

se en  by com p arin g  the so lu b ilisa tio n  ca p a c ity  o f  L abrafac L ip o p h ile  W L  1349  (M C T , 

H L B  1) and L ab rasol (M C T , P E G  4 0 0 , H L B  14). A  s ix  to  e ig h t-fo ld  in crea se  in 

ca p a c ity  w a s o b ser v ed  by L abrasol for d a n a zo l and m e fen a m ic  acid  re sp ec tiv e ly . T h e  

e f fe c t  o f  ch a in  len g th  can  be seen  b y  co m p a rin g  the ex te n t o f  drug so lu b ilisa tio n  in 

100%  Labrafil W L  2 6 0 9  B S  (L C T , PEG  4 0 0 )  and L abrasol (M C T , P E G  4 0 0 ) . T h e latter  

d isp la y ed  a s ig n if ic a n tly  greater so lu b ilisa tio n  ca p a city  for b oth  co m p o u n d s. T h e  

ad d ition  o f  T w e en  8 0  a lso  in crea ses the so lu b ilisa tio n  ca p a city . T h e  so lu b ility  in creased  

from  2 .4 m g /m l for 100%  L abrafac L ip o p h ile  W L  1349  to 10.1 m g /m l for 60%  L abrafac  

L ip o p h ile  W L  1 349 /40%  T w e en  8 0  for m efen a m ic  acid .
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More extensive hydrogen bonding between polar moieties o f the oil or surfactant with 

the carboxylic acid and tertiary amine group of mefenamic acid (Figure 7.1a) and 

alcohol and N -0  bond o f the danazol molecule (Figure 7.1b) could be responsible for 

the higher solubilisation capacities of the polar formulations. The shorter medium chain 

fatty acid, C8-C10 (more polar compared to long chain fatty acids, CIS), and the oils 

esterified with PEG groups (particularly those with longer polyethelene oxide repeating 

units) will enable a greater interaction with the polar fimctional groups o f the 

compound. In addition. Tween 80 can also interact favourably with the polar groups of 

the model compounds through its w, x, y and z groups (Chapter 2).

7.6 Conclusion

The solubilisation capacity is specific to the compound and the nature o f the oil or 

oil/surfactant mix. For the compound studied, polar oils or oil/surfactant mixes appeared 

to show the most favourable solubilisation capacities. Nevertheless the maximum 

concentration of drug in solution of approximately 40pg/ml for danazol and 23pg/ml for 

mefenamic acid is still a relatively small compared to the commercial doses of 250mg 

and 500mg of mefenamic acid and danazol in lOOmg and 200mg strengths. However, 

this does not necessarily imply that self-emulsifying formulations with a lower dose will 

have a lower bioavailability than a commercial dosage form administered with a higher 

dose. Nevertheless, a desirable solubilisation capacity is not always achieved with a two 

component self-emulsifying system (triglyceride lipid and surfactant). For these reason 

additional hydrophilic components for example ethanol, are often added to increase the 

drug loading capacity. Dissolution studies or small animal bioavailability studies would 

need to be carried out to identify the appropriate solubilised quantity o f compound 

necessary to achieve the desired therapeutic response.
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8. CONCLUSION

The delivery o f poorly water-soluble compounds is a persistent and costly difficulty 

facing the Pharmaceutical Industry. The use o f lipid formulation systems has been 

widely recognised as a method to overcome the dissolution rate limited absorption of 

poorly water-soluble compounds by presenting the compound in solution. In recent 

years research has focused on emulsion systems which self-emulsify with little or no 

external agitation. These systems are usually composed o f an oil and surfactant mix 

which can be administered in a hard/soft gelatine capsule. This precise and convenient 

dosage form delivers the compound in a finely dispersed solubilised form with a large 

surface area from which diffusion or release via lipid digestion takes place. Production 

in an oil/surfactant mix opposed to a standard liquid emulsion system would eliminate 

the need for long-term stability. In addition, this system allows a simplified 

manufacturing process compared to conventional emulsions.

Previous work in this laboratory found that self-emulsifying multiple and simple 

emulsions were formed depending on the nature o f the oil employed (Craig et al, 

1995a). The aim o f this study was to identify the desirable properties o f the oils and 

oil/surfactant mixes to form a self-emulsifying system and to examine the formulation 

factors affecting digestibility and drug loading capacity. In addition, attempts were 

made to elucidate a possible mechanism of formation for both self-emulsifying oil/water 

and water/oil/water emulsions. Multiple emulsion systems were further characterised 

and assessed for their stability and formation in distilled water and media representative 

o f that likely to be encountered upon administration to the gastro-intestinal tract.

Chapter 3 characterised the self-emulsifying properties o f a range o f oils and non-ionic 

surfactants. The self-emulsifying properties were sensitive to the nature o f the oil and 

surfactant phase and the oil/surfactant ratio. The polarity o f the formulation determined 

the behaviour of the system. The polarity is governed by the chemical nature o f the oil 

in terms o f the triglyceride chain length (MCT more polar then LCT), the presence and 

size o f the polyethylene glycol group (larger PEG groups are more polar) and to some 

extent the degree o f unsaturated carbon double bonds. The polarity o f the formulation is
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also determined by the HLB of the surfactant and the percentage o f surfactant in the 

oil/surfactant mix.

In general, hydrophilic formulations displayed superior self-emulsifying properties and 

depending on the formulation was able to produce simple o/w (Labrasol) and multiple 

w/o/w emulsions (Labrafac CM 10). In contrast, hydrophobic formulations displayed 

poor self-emulsifying properties but had a greater tendency to form multiple droplets 

(Labrafil M 1944 CS, Labrafil M 2125 CS, Labrafac Lipophile WL 1349). It is 

therefore not surprising that by increasing the polarity o f the oil/surfactant mix 

improvements in the self-emulsifying behaviour o f hydrophobic oils were noted. This 

was achieved by employing Tween 20 instead o f Tween 80 (for Labrafil M 1944 CS 

and Labrafll WL 2609 BS) or by increasing the percentage o f hydrophilic surfactant. 

Tween 80 to 40 -  50% of the mix. For many hydrophobic oils 50-60% Tween 80 caused 

the predominant droplets structure to change from a multiple to a simple emulsion 

system. For hydrophilic oils like Labrafac CM 10 this change occurred with only 10% 

surfactant. Improvements in the visual self-emulsifying behaviour and a reduction in 

droplet size to the nanometer range (although some multiple droplets were still evident) 

were observed at the point of structural change. The point o f droplet change was termed 

the partial phase inversion point and was fundamental to understanding the formation 

mechanism of self-emulsifying o/w systems.

Chapter 4 gave an insight into the possible mechanisms o f formation. Pouton (1997) 

proposed that for water-soluble oils, self-emulsifying o/w droplets are formed by 

diffusion and stranding. Here hydrophilic components present in the oil phase migrate 

to the more favourable water phase dragging with it some o f the oil to produce droplets. 

Features previously noted for this mechanism were reported for Labrasol, a water- 

soluble oil (McBain and Woo, 1933). Pouton (1997) also proposed that water-insoluble 

oils self-emulsified by producing liquid crystals at the interface which causes an 

increase in interface pressure as water continues to penetrate exceeding its solubility 

resulting in interfacial turbulence and droplet formation. However, interfacial 

turbulence was observed in the absence o f interfacial liquid crystals suggesting that this 

is not a prerequisite for turbulence. Turbulence resulting in spontaneous émulsification 

could also be attributed to the non-uniform adsorption o f solute molecules leading to an 

unstable situation (Davis and Haydon, 1957). Nevertheless a relationship was observed
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between the presence (Labrafac Lipophile WL 1349), extent (Labrafil M 1944 CS) and 

rate (Labrafac CM 10) o f liquid crystal formation and the self-emulsifying property of 

the formulation. Interface expansion expressed as undulations was observed for Labrafil 

M 1944 CS and Labrafac Lipophile WL 1349 formulations. These features have 

previously been reported when a transient negative interfacial tension occurs (Kaminiski 

and McBain, 1949). Further work needs to be carried out to measure the interfacial 

tension.

The effect of surfactant location on the phase inversion process gives an insight into a 

possible mechanism o f formation for a self-emulsifying simple o/w emulsion. 60% 

Labrafil M 1944 CS/40% Tween 80 underwent partial phase inversion to produce 

predominantly simple o/w droplets when the surfactant was placed in the oil phase. This 

formulation displayed good self-emulsifying properties at the phase inversion point. By 

placing the surfactant initially in the external water, phase inversion to simple o/w 

droplets failed to occur. Similarly, preventing phase inversion as a result o f the 

formation of an internal liquid crystal phase (produced when Labrafil M 1944 CS 

formulations was added to an acidic or basic media) resulted in the failure to produce a 

self-emulsifying o/w emulsion.

Lin et al (1975) suggested that the energy needed to form simple o/w droplets with the 

minimum of external agitation would come from the migration o f surfactant from the 

interfaces of the multiple droplets. Placing the surfactant in the oil phase allowed the 

surfactant to form inverse micelles to solubilise a portion o f the external water. This 

formed the internal water droplets o f the w/o/w multiple system. A correlation was 

observed between the approximate phase inversion point and a substantial increase in 

the water solubilisation capacities. However, if  the surfactant favours a final o/w 

emulsion, migration to the external phase occurs leading to the breakdown o f the 

multiple droplets. As the energy comes from surfactant migration these emulsions 

appear to be occurring without additional external agitation, or appear to be self- 

emulsifying. These results indicate that an o/w self-emulsifying formulation appears to 

occur by a phase inversion process via an intermediate multiple droplets step. This 

requires the surfactant to be placed in the oil phase and for surfactant migration to the 

external phase to occur. Migration o f surfactant to the external phase is encouraged by 

employing a more hydrophilic surfactant (Tween 20) or by increasing the percentage of
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Tween 80. This could explain why polar formulations exhibit better visual self- 

emulsifying properties. Another possibility could be that polar formulations are likely to 

self-emulsify by diffusion and stranding, as the polar components migrate to the 

aqueous phase carrying with it some oil, which then becomes stranded as oil droplets or 

at specific oil/surfactant mixes where liquid crystals are formed.

Good quality multiple droplets were also formed when the surfactant was initially 

placed in the oil phase. This is because the surfactant is available to form inverse 

micelles to solubilise the external water. However, multiple droplets were still produced 

when the surfactant was initially placed in the water phase, though o f poor internal 

quality and larger size indicating a dependence on the force o f external agitation. These 

results may be explained in terms of the multi-component nature o f the oils themselves. 

Many o f these oils are composed o f mono and diglycerides and pegylated tri, di and 

monoglycerides. These components are hydrophilic and possess surfactant properties 

and may be able to solubilise some external water. This may explain why multiple 

droplets were produced by 100% oil formulations in the absence o f any Tween 80.

The range over which multiple droplets were produced was also found to be dependent 

on the polarity of the oil. Hydrophobic oils such as Labrafil M 2125 CS and Labrafac 

Lipophile WL 1349 produced multiple droplets over a wide oil/surfactant range (100% - 

30% oil/70% surfactant). In contrast, comparatively hydrophilic oils such as Labrafac 

CM 10 and Labrafil WL 2609 BS produced multiple droplets over smaller oil/surfactant 

range (100% and 100% - 50% oil/50% surfactant respectively). This is likely to be 

related to the phase inversion process, which is dependent on surfactant migration from 

the multiple to the simple interface. For hydrophilic oils this occurs at a lower surfactant 

concentration, as a final o/w emulsion is favoured. The type o f surfactant employed, 

which affected the range over which multiple droplets were produced, also affected the 

phase inversion point. Tween 20 a more hydrophilic surfactant increased the overall 

polarity o f the mix and therefore produced multiple droplets over a smaller range than 

Tween 80 emulsions for Labrafil M 1944 CS and Labrafil WL 2609 BS. Despite 

producing poor quality droplets Labrafac Lipophile WL 1349/Tween 20 formulations 

produced multiple droplets over the entire range investigated (100% oil -  30% oil/70% 

surfactant) and did not undergo phase inversion. Labrafac Lipophile WL 1349/Tween 

20 formulations produced an immiscible oil surfactant mix, which may have resulted in
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the surfactant migrating to the more favourable water phase without solubilising 

sufficient quantities o f external water. Surfactant migration from the multiple droplet 

interfaces to the external water phase causing the breakdown o f the multiple droplets to 

produce a fine o/w emulsion does not occur. Therefore an immiscible oil/surfactant mix 

would not produce a self-emulsifying o/w emulsion by phase inversion.

Chapter 5 further characterised multiple emulsion formulations for their potential use 

for oral delivery either by manufacturing the emulsion shortly prior to administration or 

for in vivo delivery. The objective for a successful multiple emulsion system would be 

to prevent the phase inversion process. Nevertheless phase inversion occurs over time as 

simple o/w droplets are thermodynamically more stable then w/o/w multiple droplets. 

Labrafac Lipophile WL 1349 formulations were more stable than corresponding 

Labrafil M 1944 CS formulations. This could be attributed to the multi-component 

nature of Labrafil M 1944 CS (contains PEG esterified mono, diglycerides, and free 

mono, diglycerides and free fatty acids). This increases the polarity o f the oil thereby 

increasing the probability o f phase inversion. For both oils 90% oil/10% surfactant was 

the most stable formulation. Increasing the percentage o f hydrophilic surfactant and 

therefore the overall polarity of the mix resulted in phase inversion occurring after a 

shorter period o f time. In addition, many studies have reported a specific ratio between 

the lipophilic surfactant at the w/o interface (natural lipophilic surfactants present in the 

oil) and the hydrophilic surfactant at the o/w interface (non-ionic surfactant Tween 80) 

to produce a stable formulation (Matsumoto et al, 1976; Magdassi et al, 1984). As the 

internal w/o interface is greater than the outer o/w interface a higher percentage of 

lipophilic surfactant is required. If  the hydrophilic surfactant exceeds the required 

concentration, in this case 10%, micelles may be formed in the bulk water phase which 

solubilise the lipophilic surfactant into it’s core resulting in the breakdown o f the 

multiple structure (Matsumoto et al, 1976). Unfortunately, solubilisation o f the 

surfactants by micelles formed by lecthin and bile salts in the simulated intestinal fluid 

is likely to have resulted in phase inversion for 90% Labrafil M 1944 CS/10% Tween 

80 and cracking for 90% Labrafac Lipophile WL 1349/10% Tween 80. Future work 

needs to be directed towards finding suitable surfactants, which remain at the 

appropriate interface to avoid phase inversion and cracking over time and in conditions 

likely to be encountered in vivo.
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Both the surfactant and oil employed could have an effect on the rate o f development 

and structural characteristics o f the multiple droplets formed. This was attributed to the 

viscosity and permeability o f the oil layer and the ability o f the components to reduce 

the interfacial tension.

Chapter 6  investigated the lipolysis of all six oils and selected oil/surfactant mixes that 

produced good self-emulsifying properties. The digestion o f the lipid would release a 

potentially sequestered drug and/or would allow drug solubilisation in the hydrophobic 

core o f a mixed micelle. This would maintain the drug in solution to avoid rate-limiting 

dissolution from the precipitated drug. In addition, the products o f digestion could act as 

penetration enhancers, stimulate the release of bile salts (further aid dissolution if 

precipitation occurs) and have a more pronounced inhibitory effect on gastric emptying 

and motility (allowing more time for dissolution again if  precipitation occurs).

PEG esterified oils and those that contained a surfactant concentration greater than 10% 

inhibited the digestion process. Formulations containing large PEG groups and a high 

percentage o f surfactant displayed a more potent inhibitory effect. This could be 

attributed to a number o f factors, however stearic occlusion o f the enzyme or it’s co

factor from the interface is a more likely possibility. The inhibitory effect was overcome 

almost completely by replacing the non-digestible surfactant. Tween 80 with Labrasol, a 

digestible surfactant. Labrasol, is likely to be slowly digested first after which it leaves 

the core Labrafac Lipophile WL 1349 oil to be digested uninhibited. However, the 

ability of Labrasol to emulsify Labrafac Lipophile WL 1349 was much reduced 

compared to Tween 80. This may also suggest that the adsorption o f Labrasol to the o/w 

interface is lower than Tween 80. Medium chain triglyceride lipids were digested to a 

greater extent than long chain triglycerides. This may be related to the specific 

configuration o f the enzyme or co-factor. Future studies would need to investigate the 

digestion process in fed state conditions. The presence o f a higher percentage of bile 

salts and lecithin may increase the number o f micelles available to remove the digestion 

products from the interface to allow the digestion process to proceed faster and 

independent o f some formulation variables. Further studies would need to investigate 

other surfactants, which can be used at high concentrations but do not impede the 

digestion process.
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Chapter 7 investigated the drug loading capacity o f two poorly water-soluble model 

compounds in a range o f oils and oil/surfactant mixes. The solubilising capacity appears 

to be both compound and oil and oil/surfactant specific. In general, hydrophilic 

formulations (determined by the percentage o f hydrophilic surfactant Tween 80 or the 

HLB of the oil) exhibited a greater solubilising capacity. This could be drug specific 

and more compounds need to be studied. The addition, o f other components for 

example ethanol can also increase the drug loading capacity. However, the addition of 

other components would mean that the system would need to be characterised again.

These studies have shown to produce the ideal self-emulsifying system a compromise 

may need to be found between the properties needed to produce an excellent self- 

emulsifying system, which is digested well and solubilises a large quantity of 

compound. Future studies will also need to be directed to understanding the penetration 

enhancing abilities o f the triglyceride components and their digestion products on the 

permeability o f compounds. In addition, recent research has also questioned whether 

surfactants and lipids can inhibit the P-Glycoprotein efflux mechanism. This also needs 

to be evaluated with the view to establish whether oil/surfactant self-emulsifying 

formulation improves the bioavailability of poorly water-soluble compounds by this 

process. Further work to evaluate the in vitro and in vivo performance of these delivery 

systems compared to commercial dosage forms also needs to be examined. In vivo work 

could also investigate the effect o f lipids and lipid digestion products on physiological 

processes such as gastric emptying and motility, which could affect the bioavailability 

o f the compound.
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