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ABSTRACT

Gelucires, which are the glyceride-based pharmaceutical excipients, may be used 

as matrix forming materials to control the drug release from dosage forms such as molten 

filled hard gelatin capsules. A knowledge of the effects of manufacturing conditions on 

the physical properties of the bases is important for controlling product performances. 

The morphological, thermal, mechanical, rheological and dielectric properties of a range 

of gelucires with various melting points and HLB values prepared by different cooling 

rates were then examined. In addition, the changes of the physical properties of the bases 

after ageing for various periods of time were monitored. The release characteristic of a 

model drug, theophylline, from the bases was also studied.

Examination by differential scanning calorimetry indicated that slow cooling 

allowed fractional crystallisation of various components in the bases while fast cooling 

resulted in the bases that extensively form solid solutions. The cooling rates also 

affected the crystallisation of stable and unstable polymorphic forms of glycerides. As 

a result of these microstructural differences, the physical properties such as 

morphological, thermal, mechanical (in term of tensile strength) and dielectric properties, 

of the slowly and fast cooled bases were different. Polymorphic transformation of 

glyceride components in the bases occurred during storage, leading to the change in their 

microstructures and hence their physical properties.

The release of theophylline from gelucire matrices was found to be either 

diffusional or erosion-diffusional controlled. The PEG esters in gelucires could attract 

water into the matrices and dissolve or swell thus creating channels for drug diffusion or 

causing erosion of the matrices. Cooling rate also affected the release of the drug from 

some gelucire matrices. The rate of drug release from the bases also changed during 

storage as a result of microstructural change or the degradation of the bases. Moisture 

accelerated the change in the release rate since it influenced the structural change and the 

degradation of gelucires.
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Hard gelatin capsules have been recommended as containers for oil and ethereal 

extract since the end of last century (Jones, 1985). The idea was attractive because it 

was easier to measure out small quantities of liquids than to measure powders. Liquid 

filled hard gelatin capsules, however, failed to materialise as dosage form because of 

problems experienced with product leakage. Today, the development of self-locking 

capsule (Eli Lilly, 1966), the improvement in method to seal capsules and the availability 

of the capsule filling machine that can handle semisolids (Jones, 1989) has revitalised the 

idea. In the past decade, many researchers reported studies in which hard gelatin 

capsules could be filled with molten formulations of drug substances that solidify on 

cooling (eg.. Walker et al, 1980a, b; Cuine and Francois, 1981; McTaggart et al, 1984; 

Doelker et al, 1986; Howard and Gould, 1987; Naidoo, 1989; Smith et al, 1990, 

Bodmeier et al, 1990).

The advantages of liquid filled capsule over conventional capsule formulation are 

well documented (Cole, 1989; Walker et al, 1980b). In brief, these include improved 

content uniformity, reduced handling risk and cross contamination via airborne dust, 

better protection of active substances against moisture and oxygen. In addition, both fast 

release and controlled release are possible.

The excipients or bases proposed for use to fill the capsules are those that have been 

used extensively for other dosage forms. Many are used in the manufacture of 

suppositories or are based on these materials. The selection of the base is clearly 

important as this may affect the filling process, drug release and stability of the product. 

The base must be non-toxic, pharmacologically inert and the melting point must be low 

enough so that thermal damage to the capsule body or degradation of the drug is avoided, 

yet high enough to prevent melting during transportation and storage. The base should 

not affect the integrity of the shell and should afford maximum protection to the drug and 

thus aid stability (Cole, 1989). The solubility of the base should reflect the drug release 

requirements of the formulation.
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Gelucires are a group of fat bases that can easily fit the above criteria, and has been 

widely investigated for use as liquid filled hard gelatin capsule bases. To arrive at a 

successful formulation, the formulator must have the thorough understanding of the 

physicochemical properties of the bases and the drugs. To begin with, in this chapter the 

physical and chemical properties of gelucires as fat derivatives and their applications will 

be discussed. Some properties and problems inherited from their chemical compositions 

will be envisaged, one of which, polymorphism of glycerides, will be reviewed. Finally, 

the objectives of this work will be outlined.

1. The Chemistry, Properties and Applications of Gelucires

Gelucires are a family of excipients derived from hydrogenated food grade oils and 

fats. The terminology used in their identification describes their properties: the first 

number is the melting point (°C) and the second number the HLB (hydrophilic - 

lipophilic balance) value.

1.1 Manufacturing Processes

In the manufacturing of gelucires, either an alcoholysis or a direct estérification 

reaction can be used. The majority of gelucires are produced with alcoholysis 

(Gattefosse, 1986).

Alcoholysis : PEG (Polyethylene glycol: molecular weight 300 to 15(X), normally)

is reacted with hydrogenated vegetable oils  ̂ from coconut, palm or palm kernel oil at 

about 230°C under nitrogen atmosphere. The reactions can be depicted simply as

triglycerides + water  > fatty acids + glycerol (1)

fatty acids + PEG  > PEG esters of fatty acids + water (2)

\  Vegetable oils contain mainly triglycerides of CIO to C20 fatty acids but is 
dominated, in coconut and palm kernel oil, by lauric (C l2), myristic (C l4) acid and in 
hydrogenated palm oil by palmitic (C l6) and stearic (CIS) acid.
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Direct estérification : Selected fatty acids (from coconut oil) and/or palmitic acid

and/or stearic acid^ are esterified with glycerol and PEG. The reactions can be simply 

depicted as the following.

fatty acids + PEG -----> PEG esters of fatty acids + water (2)

fatty acids + glycerol -----> glycerides + water (3)

The chemical structures of reactants and products of these reactions are shown in 

Figure 1.1 (a) and (b). Reaction (2), however, involves two steps and is reversible as 

shown in Figure 1.1 (b), consequenltly the reaction is never complete. However, the 

reaction can be shifted by removing one of the products formed, such as water. The 

relative contents of monoester and diester in the equilibrium mixture depend upon the 

ratio of the reactants (fatty acids and PEG). An equal molar ratio of fatty acids and 

glycol results in a mixture of monoesteridiester: PEG in the ratio of 2:1:1. A higher 

molar ratio of fatty acids to PEG will result in higher concentration of diester. On the 

other hand, if the molar ratio of PEG is increased, more free PEG and monoester will be 

produced (Satkowski et al, 1967; Rick, 1989).

1.2 Composition / Specification

As can be expected from the reactions used in manufacturing, gelucires are mixtures 

containing both the reactants and the products of the reactions. These are glycerides (tri-, 

di- and monoglycerides) and PEG esters of fatty acids (mono- and diester), the structures 

of which are shown in Figure 1.1. PEGs, glycerol, fatty acids and water may be left in 

trace amount since there is no purification process.

Various types of gelucires with different melting points and HLB values are 

available. These two parameters are controlled by the type and the amount of chemicals 

in the bases and in turn can be controlled by the type and the ratio of starting materials 

and manufacturing conditions. For example, choice of PEG chain length will determine 

both properties. The longer the chain length, the higher the HLB value and melting

The common (trivial) name of fatty acids will be used here. Appendix I lists the 
nomenclature of commonly found fatty acids in both common and systematic names.
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Fatty acid (R = CH3(CH2)J

H

H - C - OOCRi 

H - C - OOCR2 

H - C - OOCR3 

H

Glycerides

R = (CHg);, or H

when Ri or Rg or R3 = H —> diglycerides

when two of Rj Rg, R3 = H —> monoglycerides

when Rj, R2, and R3 = CH3(CH2)n —> triglycerides

(a)

RCOOH + H0(CH2CH20)„H RC00(CH2CH20)„H + H2O

Polyethylene glycol PEG monoester o f fatty acid

2RCOOH + H0(CH2CH20)„H RC00(CH2CH20)„0CR + 2 H2O 

PEG diester o f fatty acid

(b)

Figure 1.1 Chemical structures of the major components in gelucires.
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point. In addition, the type of fatty acids of glycerides (or the type of oils used) will also 

determine the melting point, eg. palm oil (C16, CIS) will yield a product with higher 

melting point than coconut oil (C l2, C l4). The HLB values of glycerides and PEG 

esters of fatty acids are presented below.

HLB

triglycerides 1-2

diglycerides 2-3

monoglycerides 3-4

PEG diester of fatty acids 6-15

PEG monoester of fatty acids 10-15

Table 1.1 gives some properties of gelucires available. Acid value is the 

measurement of free acids in fats which are due chiefly to the hydrolysis of the esters 

composing them. As a rule, fresh or recently prepared fatty substances contain little or 

no acids.

The saponification value (SV) is inversely proportional to the mean molecular 

weights of acids or esters present in fats and oils. Since natural fats and oils consist of 

mixtures of glyceryl esters of higher fatty acids, their SV do not differ greatly (Jenkins, 

1969). Abnormally low values such as those of the majority of gelucires reflect an 

adulteration with non-glyceride compounds. PEG esters of fatty acids can greatly reduce 

this value since a PEG portion has a molecular weight of 300 to 1500 compared to 41 

for the glyceryl portion. From Table 1.1 the SV of gelucires with HLB value = 1, ie. 

33/01, 39/01, 43/01 are similar to those of pure oils. These are 245-265 for coconut and 

palm kernel oil (mainly C12, C14) and 196-210 for palm oil (mainly C16, CIS). Thus, 

PEG esters of fatty acids are not present in these gelucires, ie. they are not saturated 

polyglycolised glycerides as generally described for other types of gelucires. They are, 

in fact, mixtures of triglycerides. On the other hand, a SV of 55/18 , a PEG 

dipalmitostearate, is very low since it does not contain glycerides.

The potential reactivity of a fat base is usually indicated by the magnitude of its 

hydroxyl value which is the number of milligrams of potassium hydroxide equivalent to
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Type of 
gelucire 
(MP/HLB)

Acid
value

Saponification
value

hydroxyl
value

Iodine
value

Melting 
point (°C)

33/01 < 1 240-260 < 10 < 3 33-38

35/10 < 2 120-135 70-90 < 2 29-34

37/02 < 2 200-215 30-50 < 2 34.5-39.5

37/06 < 2 165-180 100-120 < 2 30.5-35.5

39/01 < 0 .2 225-245 < 6 < 2 38-40

42/12 < 2 95-115 30-50 < 2 41.5-46.5

43/01 < 0 .2 220-240 < 6 < 2 42-45

44/14 < 2 75-95 30-50 < 2 42.5-47.5

46/07 < 2 125-140 65-85 < 2 47-52

48/09 < 2 105-125 60-80 < 2 46-51

50/02 < 2 180-195 25-45 < 2 46.5-51.5

50/13 < 2 65-80 30-50 < 2 46-51

53/10 < 2 95-115 25-45 < 2 47.5-52.5

54/02 < 6 175-195 80-120 < 3 53-57

55/18 < 6 8-20 - < 3 54.5-58.5

62/05 < 5 70-90 < 60 < 10 59-70

64/02 < 2 165-185 80-120 < 3 63.5-67.5
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the hydroxyl content of 1 g. of substances. The iodine value is a quantitative measure 

of the proportion of un saturated fatty acids present, both free and combined as esters and 

therefore indicates oxidative potential of fats and oils. Hydrogenated fats have low 

iodine values thus oxidation or rancidity may not be a problem. Appendix II describes 

the definitions and gives some examples of the above mentioned terms and values which 

are used in a quality control of fats and oils.

1.3 Pharmaceutical Applications

Gelucires have been used to control the release of various drugs in many studies as 

shown in Table 1.2. Although most of these studies investigated the use of gelucires in 

controlled release formulations, the fast release ones were also studied, especially with 

gelucire 44/14 (eg. Doelker et al, 1986; Reed et al, 1990; Dordunoo et al, 1991). The 

release characterictics of these bases and the factors affecting them will be discussed in 

Chapter 5. However, it can be concluded that by employing different gelucires with 

different melting points and HLB values, the release profiles can be tailored. 

Furthermore, the formulations with optimum in vitro and in vivo (Vila Jato et al, 1990; 

Dennis et al, 1990; Llabres and Farina, 1991; Ramunan et al, 1992) performances can be 

achieved. Gelucires were fabricated into one of the three following dose forms.

(1) Liquid-filled hard gelatin capsule : The tecnique used to prepare this dose

form was very simple. Base was melted and mixed with drug, the mixture was then 

filled automatically (de Barochez et al, 1989) or manually, the capsules were sealed and 

allowed to cool. The heating scheme was usually described as heat to not more than 5- 

10 degree above melting point of the base. Other thermal history of the base, e.g. 

cooling rate, was hardly mentioned.

A more complicated technique involving fluidised bed was used by Bodmeier et al 

(1990, 1991). The drug and the base were dry blended and filled into hard gelatin 

capsules, the capsules were then sealed and loaded into a fluidised bed. The fluidisation 

conditions were as follows: inlet temperature = 80-85°C, outlet temperature = 60-65°C
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Table 1.2 Examples of studies using gelucires to control drug release.

Gelucire Drug Additive* Reference

1. Hard gelatin capsule

46/07, 48/09,
62/05
46/07,
46/07 + 33/01

lithium sulfate 

indomethacin

- Bemacosi et al, 1985

33/01, 35/10 
37/01, 42/12 
44/14, 46/07 
50/02, 50/13

benzonatate 
nicotinic acid 
chloral hydrate 
paramethadione

Doelker et al, 1986

44/14, 46/07 
48/09, 50/02

salicylic acid 
tioconazole

- Howard and Gould, 1987

50/13, 48/09 
46/07

cephalexin - Thakkar et al, 1987^

50/02 tetracycline - Buckton et al, 1989

50/02, 50/13 
62/05

highly water- 
soluble drug

- de Barochez et al, 1989

37/02, 44/14 metoclopramide propylene
glycol

Reed et al, 1990

37/02, 44/14 
48/09, 50/02 
54/02
and blended

ASA Mathis and Heimendinger, 1989

50/13 ibuprofen - Smith et al, 1990

50/02, 50/13 
and blended

theophylline PEG 4000 Kopcha et al, 1990, 1991

44/14 naproxen amberlite Dennis et al, 1990^
50/02, 50/13 ketoprofen -resin

50/02, 50/13 
and blended

theophylline
propranolol

Bodmeier et al, 1990, 1991
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44/14, 50/13

33/01, 35/10 
44/14, 50/13 
64/02
and blended

42/12, 44/14 
46/07, 48/09 
50/13, 53/10 
54/02, 62/05 
64/02 and blended

44/14

indomethacin

chloipheniramine

oxprenolol

triamterene
temazepam

Nadkami and Laskar, 1991 

Prapaitrakul et al, 1991

Baykara and Yuksel, 1991

Dordunoo et al, 1991

2) compressed tablet

54/02

33/01, 35/10 
53/10, 54/02

54/02

54/02

54/02

50/02, 50/13

HLB 2-9

54/02

46/07

theophylline

nifedipine-PVP
coprecipitate

theophylline
quinidine

lithium carbonate

diprophylline

theophylline

propranolol
indomethacin

chlorpheniramine

sodium salicylate

mannitol
HPMC

lactose

Carbopol

Parab et al, 1986

Vila Jato et al, 1990  ̂
Remunan et al, 1992 a,b^

Saraiya and Bolton, 1990,1991

Llabres and Farina, 1991̂

direct compres- Malamataris et al, 1991 
-sion excipients

glyceryl behenate Brossard and 
Emcompress Ratsimbazafy, 1991

camauba wax Nambiar et al, 1988
PEG

Avicel Ghali et al, 1989̂

Bidah and Vergnaud 1990  ̂
Bidah et al, 1992̂  

Sumigagel Bidah et al, 1991̂
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3) as coating material
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46/07 as shell 
Eudragit as core

64/02

sodium salicylate

amoxicillin granules

Magron et al, 1987 
Lahoueg et al, 1989

Delgado et al, 1991

1) Only the main additives are indicated. Lubricant and glidant may also be used in compressed 
tablets but are not included because no details are given in most of the original papers.

2) In vivo release was also assessed.

3) Spherical beads were actually used in these studies. These beads can either be compressed 
or put in hard gelatin capsules.
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and holding time =15 minutes. It was claimed that this process was highly reproducible 

and would be possible to scale up.

(2) Compressed tablet : Melt (Vila Jato et al, 1990; Llabres and Farina, 1991;

Malamataris et al, 1991; Remunan et al, 1992 a,b) and solvent granulations (Saraiya and 

Bolton, 1990) were used to prepare drug-base granules to be compressed into tablets. 

Like most other fats and waxes, gelucires are difficult to compress at high levels. The 

energy imparted during compaction causes melting of the fats resulting in sticking and 

picking of the formulation. This necessitates dilution of the drug-waxes granules with 

inert fillers. The final concentration of gelucire in the formulation was generally kept 

below 30%. It should be noted that gelucire 54/02, which is in powder form, was 

heavily studied for used in this dosage form.

(3) Coated granules or beads : Beads or granules of drugs (and fillers) were

either dropped into molten gelucire at 60°C for 2-5 second (Magron et al, 1987; 

Laghoueg et al, 1989) or coated in a fluid bed apparatus using a solution of gelucire in 

chloroform (Delgado et al, 1991). The coating became hard after cooling and acted as 

if it were a membrane retarding drug diffusion from a core matrix. The thickness of the 

coating could be controlled by the soaking time or the concentration of gelucire in a 

coating solution.

2. Problems Encountered Due to Chemical Compositions

As mentioned earlier, gelucires are mixtures of two classes of compounds, ie. 

glycerides and PEG esters of fatty acids. It is not known, though, in which manner these 

two compounds mix, ie. whether they are eutectic, mixed crystals, etc. If the ideal 

mixture is assumed in which both compounds fully exert their influence on the properties 

of the mixture, the problems that may be encountered using gelucire bases can be 

predicted. These problems may not all occur but they will serve as precautions and more 

importantly, they will also help to bring greater understanding of the bases. If there is
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data available, the problems actually found in the application of gelucire will also be 

presented.

2.1 Stability

Basically, the reactions that can occur and cause deterioration or loss of quality in 

fats and oils are due to their reactions with either water or oxygen or both. The reaction 

with water occurs in the triglyceride fraction and results in diglycerides and fatty acids. 

The principles involved in preventing the hydrolytic reaction of fats and oils are 

avoidance of water through all means possible. It should be understand that all fats and 

oils exhibit a degree of solubility in water, and as a rule can contain about 0.1% moisture 

at 20°C and that the solubility of water in oil will increase with temperature. Precaution 

against hydrolysis should be observed in some types of gelucires. Lower molecular 

weight of PEG (<4000) is hygroscopic due to the influence of their hydroxyl groups 

which are retained in PEG monoester of fatty acids. Thus water can be absorbed and 

hydrolysis of the bases can be accelerated, especially when heated. This hypothesis may 

be applied to gelucires with high contents of monoester of fatty acids.

Hydrogenated fats and oils , such as gelucires, have low degree of unsaturation that 

are reactive sites for reaction with oxygen and this is reflected by their low iodine values. 

Although saturated glycerides are fairly stable towards oxidation, except in the presence 

of catalyst or at elevated temperature, general precautions against factors contributing to 

the oxidative deterioration of fats and oils, e.g. air or oxygen, heat, light, prooxidant 

metals, should be observed. Nevertheless, any fats or oils will deteriorate even if stored 

and handled under ideal conditions (Applewhite, 1985). The mechanism involving 

oxidative reaction of fats and oils is extremely complex (Sonntag, 1979) and will not be 

discussed here. However, it is known that oxidation proceeds at a relatively slow and 

uniform rate during the initial phase. Then after a certain critical amount of oxidation 

has occurred the reaction becomes rapidly accerelated (Sonntag, 1979). Traditionally, the 

practical aspects of detecting and monitoring rancidity development (autooxidation) in 

fats and oils has been through measurement of the peroxide content, the main initial 

products of autooxidation.
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The importance of avoiding metallic contamination cannot be overstressed. Copper 

and iron are strong prooxidants capable of lowering the oxidatve stability for fats and oils 

at levels of 0.01 and 0.1 ppm., respectively (Applewhite, 1985). Copper or copper- 

containing alloys should never be used in equipment for handling and storing fats and 

oils. This matter will become obvious and be discussed more fully later in Chapter 4.

Stability studies up to 12 months were conducted by storing gelucire samples at 

20/25°C and 35°C in hermetically sealed glass containers (Gattefosse, 1986). There was 

only minor increase in acid value which indicated the lack of degradation product (from 

hydrolysis). However, it also showed that the peroxide value increased, in some cases, 

to the level higher than 12.5 which is the specified limit, e.g. 14 in 37/02, 12.5 in 50/02, 

14.7 in 50/13.

2.2 Chemical Reactivity

A chemical reaction occurring between glyceride bases and drug is relatively rare 

(Chowhan et al, 1986). There is evidence that aminophylline reacted with glycerides in 

some suppositories to form a diamide (Brower, 1980). Certain fat-soluble medications 

such as chloral hydrate may depress the melting point when incorporated into fat bases 

(Chowhan et al, 1986).

A very important example of molecular interaction in foods is the complex between 

mono-acyl lipids and amylose (Larsson, 1982). Gelatinization of starch can only take 

place if amylose molecules can leach out from starch granules to the water phase. If 

lipid monomers are applied to the surface of the granules, an insoluble surface film will 

be formed as a result of amylose-lipid complex and gelatinization is inhibited. Surface 

coating by lipids offers a possibility to increase the gelatinization temperature, and to 

reduce the water uptake (Larsson, 1982). Starch and starch derivatives have been widely 

used as disintegrating agents and binders in various formulations. Their combination 

with gelucires is possible, eg. in compressed tablets as inert filler or disintegrant.
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For PEG esters, discolouration and precipitation will occur with salicylate and 

phenolic substances, iodine salts and salts of bismuth or silver and tannins. 

Complexation with preservatives may also occur (Reisberg et al, 1986).

Bidah and colleagues (Bidah and Vergnaud, 1990; Bidah et al, 1992) dispersed 

sodium salicylate in gelucire 46/07 which contains 60% of PEG esters but did not report 

any interactions. On the other hand, Doelker and co-workers (1986) noticed the 

depression of melting points of gelucires, especially 33/01, 42/12, 44/14, and 50/13, by 

chloral hydrate which resulted in physical instability , eg. hardened, sticky, of the hard 

gelatin capsules during storage for less than a few months.

2.3 Polymorphism / Crystallinity

Triglycerides have long been known to crystallise in more than one polymorphic 

form (eg. Clarkson and Malkin, 1934), exhibiting multiple melting points whose details 

are reviewed in section 3. The physical appearance affects the final quality of the 

product in cosmetic and in food applications. In most cases, the physical properties of 

the stable polymorph that forms spontaneously from the metastable one are unwanted (too 

high melting point, too large crystal, unpleasant texture). Problems of graininess (or 

sandiness) of margarine and blooming of chocolate are related to polymorphic change.

Triglycerides are also the major components in fatty suppository bases. Many 

physical properties of these suppositories, e.g. melting point, softening time, hardness, 

tend to increase with time (e.g., Moes and Jaminet, 1976; De Blaey and Rutten-Kingma, 

1976; Coben and Lordi, 1980; Liversidge et al, 1981, Yoshino et al, 1981) and are 

sometimes accompanied by changes in the in vitro and in vivo release of drug from the 

dosage form (Kanto, 1975; Taylor and Simpkin, 1981; Kahela, 1987). The mechanism 

responsible for these changes has been attributed to either the conversion of triglycerides 

to more stable polymorphic forms (Yoshino, 1981, 1984; Liversidge et al, 1979,1981; 

Pryce-Jones, 1988) or the change from the amorphous to the crystalline state of the fat 

bases (Coben and Lordi, 1980; Laine et al, 1988).
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There is no direct information on the way in which PEG esters of fatty acids 

solidify. However, their precursors; PEGs are semicrystalline polymers, containing both 

ordered and amorphous regions. In the crystalline region, the PEG chains may be 

extended or folded up to four times. The folded chain crystals are metastable with 

respected to the extended chain and thus may unfold over a period of time to yield the 

stable extended form (Chatham, 1985; Craig, 1989). It has been shown that thermal 

history affects the crystal structure of PEGs and the dissolution rate of PEGs themselves 

and of drugs dispersed in solid dispersion with PEG as carrier (Chatham, 1985).

Remunan and co-workers (1992) ascribed the decrease in dissolution rate of 

nifedipine from tablets containing nifedipine-PVP complex (90%) and gelucire 53/10 

(10%) during storage from 3-6 months to the structural modifications in gelucire. 

However, no detail was given on how they came to that conclusion or which structure 

the base was before and after storage. In contrast, Dennis and co-workers (1990) found 

that the time for 50% ketoprofen release from mixture of gelucire 50/13 and 50/02 in 

vitro was reduced from 253 minutes directly after manufacture to 161 minutes after 28 

days storage at 30°C. Nonetheless, no statistically significant changes were observed in 

vivo. The dissolution of triamterene and temazepam from their dispersions in gelucire 

44/14 did not alter with storage up to 3 months (Dordunoo, 1991) .

Dennis (1988) found the increase in the melting points of many gelucires on storage, 

eg. 33/01, 46/07, 50/02, 50/13. However, he also found both the increase and the 

decrease in the release rates of ketoprofen from gelucire matrices in vitro y ie. a decrease 

in 33/01, 48/09 (initially during the first 24 hours), and an increase in 50/02, 50/13,48/09 

(after 24 hour). He therefore concluded that changes occured in dosage form and 

modified drug release which were not necessarily related to melting point.

2.4 Problems of Dissolved Drugs

Drugs which dissolve in bases when hot may create problems if they solidify as 

crystals of different form or increased size on cooling or storage. Theophylline 

(Bodmeier et al, 1990), diclofenac sodium, ketoprofen (Dennis, 1988) were reported to
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have certain solubilities in gelucires. However, these solubilities were obtained from the 

differential scanning calorimetry data which, in fact, are the solubilities of drugs in the 

matrices at the melting points of the drugs (Theeuwes et al, 1974). They do not 

necessarily reflect the solubilities of the solid drugs in the matrices or in the molten 

bases.

Dordunoo and colleagues (1991) found a pronounced reduction in the particle size 

of temazepam following its dispersion in gelucire 44/14. They suggested that temazepam 

dissolved in the base at the temperature employed to prepare the dispersion (100°C) and 

the particle size measured would be that of resultant precipitate. The extent of this 

reduction depended on the drug concentration and the cooling conditions used to prepare 

the dispersion. The lower the drug concentration and the faster the cooling rate, the 

smaller the particle size. They concluded that particle size reduction was accounted for 

the three- to four-fold increase in the aqueous solubility of temazepam in the presence 

of gelucire 44/14.

2.5 Batch to Batch Variations

Like most of the products derived from natural sources, the properties of gelucires 

are prone to batch to batch variation. It is reasonable to assume that once the 

manufacturing conditions are defined and controlled, the same product will be obtained. 

However, it is well known that the composition of natural oils and fats always vary. For 

example, the fatty acid compositions of palm oil are 32 to 47% of palmitic acid and 40 

to 52% of oleic acid (stearic acid when hydrogenated). Obviously, it is impossible to 

obtain a product with exactly the same composition. Instead, the limit of properties are 

set as specification as shown in Table 1.1.
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3. Polymorphism of Glycerides

Polymorphism is the ability of a substance to crystallise as more than one distinctive 

species, eg. carbon as cubic diamond or hexagonal graphite (Haleblian and McCrone, 

1969). This ability originates from a difference in an arrangement of the molecules of 

that compound in solid state. Two polymorphs will be different in crystal structure but 

identical in liquid state. Physical properties, eg. solubility, melting point, density, 

hardness, crystal shape, optical and electrical properties, all vary with polymorphic form. 

Many drugs are known to have polymorphism, in fact, it is said that most if not all 

compounds show polymorphic behaviour (Haleblian and McCrone, 1969). The subject 

has been reviewed (Biles, 1966; Haleblian and McCrone, 1969; Haleblian, 1975).

Glycerides are complex class of compounds composed of fatty acids esterified to 

glycerol (Figure 1.1 a). They are among the most important natural commodities, being 

major constituents in fats, oils and prominent chemical raw materials. Natural fats and 

oils consist predominantly of triglycerides. Mono- and di- glycerides do not occur 

naturally on appreciable quantities except in fats and oils that have undergone partial 

hydrolysis (Sonntag, 1979).

Multiple melting of triglycerides has been known for more than a century. As a 

result of x-ray investigations, Clarkson and Malkin (1934) demonstrated conclusively that 

the cause of the multiple melting behaviour was actually polymorphism. Numerous 

papers concerning fats polymorphism have been published since then, especially in food 

and chemical technology where molecular structure has much influence on the physical 

properties and acceptability of a product.

The subject has been extensively reviewed (Chapman, 1962; Timms, 1984; Small, 

1986; Garti and Sato, 1988; Sato et al, 1989). Earlier reviews (Bailey, 1950; Lutton, 

1950) are still valid but probably out of date since there has been a large increase in the 

literature. Malkin’s views on assignment of polymorphic forms and melting points were 

not accepted (eg. Chapman, 1962; Hoerr and Paulicka, 1967; Timms 1984; Garti and
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Sato, 1988), his review (Malkin, 1954) probably can cause confusion. Only some aspects 

serving as background to the studies will be discussed in this chapter, reserving for later 

chapter those subjects that deal specifically with microscopic morphologies of fats and 

oils.

3.1 Polymorphic forms

3.1.1 Triglycerides

Clarkson and Malkin (1934) by relating the melting points to X-ray diffraction 

patterns proposed that simple triglycerides^ could be packed in four different ways. The 

form with lowest melting point which first solidified on cooling was considered to be a 

non-crystalline vitreous solid. In 1950, Lutton denied the existence of the vitreous form, 

disagreed with Malkin’s association of x-ray spectrum with melting points and declared 

that only three crystalline forms were possible (Lutton, 1950). This started the confusion 

in the subject since Malkin and Lutton associated the same x-ray pattern with different 

melting points and assigned the same symbol to different polymorphic forms. The 

controversy did not end until the results based on infrared (IR) spectroscopy (Chapman, 

1955) confirmed Lutton’s view.

Table 1.3 is a simplified and useful but far from complete classification of the three 

polymorphic forms found in simple triglycerides (Larsson, 1965; Hoerr and Paulicka, 

1968). Generally, B-form has the highest melting point and is the most stable form, B' 

is less stable and a  is the least stable. However, some triglycerides are stable in B' form 

(see later). Sub-modifications of each form exist and are distinguished by subscripts, eg. 

Bj, B2, in order of decreasing melting points. Furthermore, there are a large variety of 

intermediate forms which have various spacing and apparently a variety of different 

subcells (Larsson, 1972).

 ̂ Triglycerides containing identical acyl chains in all positions are called "simple" 
or monoacid triglycerides, while those containing different acyl chains are called "mixed" 
or "complex" triglycerides.
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Table 1.3 Classification of triglyceride polymorphs.

Form IR bands X-ray short spacings 

nm. nm. nm.

subcell

B 717 0.46s 0.39 0.37 triclinic

B’ 719,727 0.42s 0.38s orthorhombic

a 720 0.41-0.42 hexagonal

1) Intensity : s = strong
2) This is only partial classification.
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The basic concepts of triglyceride polymorphism were derived primarily from the 

behaviour of saturated monoacid triglycerides and are also often used to describe di- and 

triacid saturated, unsaturated, mix saturated/unsaturated triglycerides and mono- and di

glycerides. Only the structure of the even-chain length 6- form is known with certainty 

from single-crystal x-ray studies on B-tricaprin (Jensen and Mobis, 1963,1966) and B- 

trilaurin (Vand and Bell, 1951; Gray and Lovegren, 1978). They have triclinic unit cell 

and a triclinic parallel subcell with two molecules in the unit cell.

Most of the structure proposed for the polymorphic forms of triglycerides were 

derived from IR and X-ray (powder diffraction) studies which provide information on the 

packing of hydrocarbon chains. Regardless of which kind of functional group, all 

hydrocarbon chains in crystalline long chain compounds are packed in one of a few 

possible ways (Hemqvist, 1988). When these long chains are parallel to each other, a 

classification is possible using the concept of a subcell. A subcell is the smallest 

repetition unit within the chain layer. The concept was developed by Vand (1951) and 

discussed thoroughly in the review by Abrahamsson et al (1978). By lateral repetition 

of the subcell, the entire structure of the chain layer is obtained. It should be emphasised 

that the symmetry of the subcell is not necessary the same as the unit cell hence the 

crystal.

The actual hydrocarbon chains of fatty acids show a regular zig-zag. By taking one 

zig-zag period a subcell which can be defined with a subcell parameter can be chosen. 

This can be associated with a , B' and B nomenclature. X-ray powder diffraction lines 

which are observed around 16-25° (20) for triglycerides arc called "short spacing" and 

they correspond to the shortest distances between the fatty acid carbon chain.

Long chain molecules such as triglycerides pack side by side in separate layers. The 

layer thickness depends on the length of the molecule (and hence on the number of 

carbon atoms in the fatty acid chain) and on the angle of tilt between the chain axes and 

the basal plane. Molecule are arrange in pairs, head to tail. As shown in Figure 1.2, two 

packing modes are possible resulting in pairs of two or three fatty acid chain length long.
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8 (LLL)

c (POP)

b (PCP)

bilayer

tn la y e r

d  (O P O )

trilayer tn la y e r

Figure 1.2 Principle structures of triglycerides in the 6-form double-chain layer 
(bilayer, a) and triple-chain layer (trilayer, b,c,d). (a) trilaurin; (b) 2-
caproyldipalmitin; (c) 2-oleyldipalmitin; and (d) 2-palmitoyldiolein.



Chapter 1 ... Introduction / 42

(a) (b)

Figure 1.3 Chain packing in subcells, (a) The triclinic subcell packing, (b) The 
orthorhombic subcell packing.

a  (vertical 
oscillating chain)

B’ (tilted chains with 
adjacent zig-zags in 
different plane)

B (tilted chain, 
all zig-zags in 
same plane

Figure 1.4 Schematic diagrams comparing the polymorphic forms a , B’ and 
6 as exemplified by tristearin.
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The packing is known to be double-chain layer (bilayer) or triple-chain layer (trilayer) 

and can be visualised by the "long spacing" line occuring between 1 and 15° (20).

B-form : A form that exhibits three strong x-ray short spacing bands at 0.46, 0.39 and 

0.37 nm., a single IR band at 720 cm '\ is associated with the triclinic (T ) chain packing 

and chain tilt to the basal plane. The key feature here is that all the zig-zag planes are 

parallel as shown in Figure 1.3 and 1.4. This is the best close packing of the three 

possible way of close packing present in triglycerides (Hemqvist, 1988). Consequently, 

this form shows the highest melting point and is a stable form. Five modifications of 6- 

form have been reported and all have triclinic chain packing (Hagemann, 1988).

B'-form : A form characterised by two strong diffraction lines at 0.38 and 4.2 nm. and 

is associated with orthorhombic subcell. In contrast to the triclinic B-form, every chain 

has its zig-zag plane perpendicular to the zig-zag plane of its neighbours as shown in 

Figure 1.3 and 1.4. This packing is responsible for the doublet at 719 and 726 cm'^ on 

IR spectrum. Two to three modifications of B'-form distinguished by small differences 

in the angle of tilt of the hydrocarbon chain have been reported (Huu and Peron, 1971; 

Hagemann et al, 1972; Hagemann and Rothfus, 1983). Some triglycerides tend to be 

stable in the B'-form, eg. saturated monoacid triglycerides with odd acyl chain, mixed 

triglycerides. Furthermore, B' appears to be stabilised by impurities and mixture of other 

glycerides (Chapman, 1962; Hagemann and Rothfus, 1983; Hemqvist, 1988; Small, 

1986).

a-form : A form that has a strong single x-ray short spacing at 0.41-0.42 nm., single IR 

band at 720 cm '\, and is associated with a hexagonal chain packing. The fatty acids 

chain are perpendicular to the basal plane and are assumed to be oscillating with a high 

degree of molecular freedom. Many lipids including paraffin, n-alcohol, simple esters 

and glycerides solidify from the melt in a crystal form with hexagonal subcell packing 

(Muller, 1932; Malkin, 1931). Among the three polymorphic forms, this is the least 

detailed. Upon cooling of the a-form, a reversible transition into a sub-a form was 

reported (Chapman, 1960).
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3.1.2 Diglycerides

Diglycerides consist of two chemical types ; 1,3 diglycerides and 1,2- diglycerides 

(or 2,3-diglycerides). However, 1,2- diglycerides undergo acyl shift to 1,3- diglycerides 

with time and are less chemically stable (Sonntag, 1979).

In general, diglycerides undergo polymorphic change of a , B' and B structures 

analogous to those of triglycerides. The a-phase (hexagonal chain packing) is always the 

lowest melting and virtually always metastable. Earlier works indicated that a-phase was 

only seen in 1,2- diglycerides and not in 1,3- diglycerides (Baur et al, 1949; Howe and 

Malkin, 1951; Malkin, 1954)

3.1.3 Monoglycerides

There are two types of monoglycerides: 1- monoacylglycerols (or 3-

monoacylglycerol) and 2- monoacylglycerols. The latter are difficult to obtain unless 

prepared fresh and kept cold. Only one crystal form which has triclinic chain packing 

has been reported in 2- monoglycerides (Hagemann, 1988).

1- monoglycerides have many polymorphic forms classified as a , B' and B. The a- 

form is the least stable but small amounts of water may stabilise it (Lawrence and 

McDonald, 1966). The B- forms have their hydrocarbon chains packed according to 

monoclinic subcell (Hageman and Rothfus, 1983).

The following diagram summarized the possible polymorphs of glycerides and their 

routes of transition.

3.2 Phase Behaviour

In principle, the phase behaviour of pure triglycerides is relatively simple. The 

transition of liquid to a- form and then to B' and B- form is the complete way of 

triglycerides to find the optimum packing. On cooling from the melt, an a-form crystal
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Polymorphic Behaviour of Glycerides
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1) The possibility of growing crystals from solvent is indicated by dashed line.

2) The dot line indicates the possibility of direct crystallisation in forms other than a-form.
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having the hydrocarbon chain vertically oriented in the layer is obtained. The molecules 

in this form do not fit into each other tightly and reorganization into more specific 

crystalline form must occur via melting and recrystallisation (melt-mediated 

transformation) or directly without being melted (solid-state transformation).

3.2.1 Melt-mediated transformation

The idealised representation of typical thermal behaviour of triglycerides, eg. 

tristearin, can be described by the heating and cooling curve as illustrated in Figure 1.5.

A very pure triglyceride on being cooled from the melt to below room temperature 

crystallises in a-form (a single exotherm on thermogram. Figure 1.5, dashed line). On 

heating the a-form to its melting point, a rapid transformation occurs with evolution of 

heat to the most stable form: the B-form. This is seen on the thermogram as an 

endotherm (a-form melts) and an exotherm (B-form crystallises). If alternatively the 

liquid melt is cooled to a temperature a few degrees above the melting point of the a- 

form and held there until crystallisation occurs, B'-form (B/and B2'submodifications in 

Figure 1.5) is produced. Heating of B'-form produces an endotherm corresponding to B'- 

form melting and an exotherm indicating a transition into stable B-form.

The melting points are lower and transformation rates are faster as the chain length 

is decreased (Hagemann et al, 1972). With the odd-numbered hydrocarbon chain, eg. 

trimargarine, B' seems to be more stable and can be obtained relatively easy by heating 

the a-form (Chapman, 1962).

3.2.2 Solid-state transformation

The polymorphic transformation of glycerides to a stable form without being melted 

occurs at a much slower rate than melt-mediated transformation and thus can cause 

problems on storage of fat products. Table 1.4 compares the rate of transformations on 

both routes of tripalmitin (Sato and Kuroda, 1987). The results also emphasize the 

importance of temperature on the rate of transition.
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Figure 1.5 Typical triglyceride thermal analysis curves illustrated by tristearin. 
In this idealised representation, deviation from the base line represents the 
enthalpy of melting or crystallisation or of polymorphic change. Dashed line 
represents cooling curve. See text for details.
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Table 1.4 Rate of melt crystallisation of a , 6' and B, solid- state transformation of 
a  —> B and B' —> B, and recrystallisation of B from a- melt of tripalmitin.

Temperature (°C)

42 44 46 48 50 52

melt -
crystallisation

13 s (a) 16 s (a) 70 s (B') 2 min (B') 4 min (B') 6 min (B)

a  —> B

solid state 90 min 60 min - -

from a- melt - - 20 s 22 s 25 s 30 s

B' —> B
•

solid state - 2 hr 50 min 30 min 15 min 10 min

Source : Sato and Kuroda (1987)
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3.2.3 Solvent crystallisation

The crystal obtained from solvent crystallisation is usually the most stable form 

under moderate crystallisation conditions (Okada, 1964; Skoda and van den Tempel, 

1967; Garti et al, 1982; Sato and Kuroda, 1987). In rare cases (deMan et al, 1985; 

Kodahli et al, 1985) the metastable forms crystallised together with the most stable one 

from organic solvent. It is reported that even very rapid cooling (125°C/min.) of a 

mixture of triolein (solvent) and tripalmitin yield 6-crystal (Norton, 1985). However, 

analyses with low angle x-ray diffraction and NMR showed two processes, initially a  was 

formed, then transformed to 6 within few minutes.

3.3 Factors Affecting Polymorphic Behaviour

In practise, the polymorphic behaviour of fats is not as straightforward as described 

in section 3.2. Many variations due to solvent, temperature, chain length and so on have 

been postulated or found experimentally which could add to the complexity of lipid phase 

transition. Some of the important factors that affect polymorphic behaviour of glycerides 

are discussed below.

3.3.1 Acyl chain length

As mentioned earlier, simple triglycerides with odd numbered acyl chain are more 

or less stable in 6'-form while those with even numbered acyl chain are stable in 6- 

form" .̂ The reason for this difference was discussed and attributed to the orientation of 

methyl end group in adjacent bilayer (Hemqvist, 1988). Both thermal analyses and X-ray 

study showed less difference between 6'- and 6-form of odd triglycerides than between 

these forms of even triglycerides (Lutton and Fehl, 1970). With little energy to be 

gained, it is not surprising that the odd triglycerides transform less readily from the 6'- 

form than do even triglycerides.

With some exceptions, most fatty acids that occur in nature are straight-chain 
acids which contain even number of carbon atoms (Sonntag, 1979).



Chapter I ...Introduction / 50

As chain length increases from C8 to C l4, the difference between melting points 

for 6'- and 6-form decreases rapidly from 11°C to 5°C (Hagemann, 1988). If this trend 

continues both forms will have the identical melting point at C24 which is approximately 

the chain length when even n-alkane changes from a triclinic subcell structure (6-form 

in glycerides) to an orthorhombic subcell (6'-form in glycerides). Chapman (1955,1960) 

observed no 6-form for C28 and C30 and that these triglyceride samples crystallised from 

solvent in 6'-form. Also diacid triglycerides containing C22 have such high 6' stability 

that 16-22-22 exhibits no 6-form (Jackson and Lutton, 1950).

3.3.2 Thermal history

Normally, rapid cooling causes fats to crystallise in a-form, eg. 80°C/min for palm 

oil (Kawamura, 1979). A mixture of a  and 6' was obtained when slower cooling rate 

(1.25°C/min.) was used (Kawamura, 1980). Hemqvist (1984) reported that 6' of 

monoacid triglycerides was formed directly when cooling rate was 0.4°C/min. Cooling 

10°C/min. of the melted sample in DSC cell produced the a-form of tristearin and 

tripalmitin, a mixture of alpha and 6'-form of trimyristin and the 6' form of canola oil 

(deMan 1985).

Sometimes triglyceride systems are considered to show "memory" in the melt due 

to crystal forms present earlier in the systems (Larsson, 1982). Different crystallisation 

behaviour can thus be observed, depending upon which crystal forms occurred in the fat 

before it was melted. For example, a fat containing few percents of tristearin can contain 

6- microcrystals in the liquid which are of micellar size (provided that the temperature 

is below the 6- melting point). These 6- microcrystals can act as nuclei of crystallisation 

for 6-form crystals when the melt is cooled. Larsson (1982) suggested that to eliminate 

the memory effect and thus get a statistical molecular disorder after melting of a complex 

fat, about 0.1-1 hour at 20-40°C above the melting point is needed. Yap and colleagues 

(1989 a, b, c) and Hemqvist et al (1981) heated hydrogenated canola oil and rapeseed oil, 

respectively, to 70°C for 2 hours to destroy memory.
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3.3.3 Impurities (or Additives)

Impurity adsorption always results in a decrease in the nucléation rate. Even minute 

amount of impurities or additives sometimes suffice to reduce the nucléation rate by 

several order of magnitude (Boistelle, 1988). The nucléation of a polymorphic form can 

then be inhibited and the course of crystallisation of fat changed in the presence of 

impurities. In some cases, the additive even stabilizes a polymorph which would be 

unstable as in the case of stearic acid grown in the presence of Span 60 in various 

solvents (Garti et al, 1981,1982).

Palm oil a-lifetime is extraordinary long, which has been shown to be due to the 

high level of diglycerides (Okiy, 1978; Maclellan, 1983; Timms, 1984). The addition of 

diglycerides to the molten phase of fat was examined (Hemqvist et al, 1981). It was 

found that diglycerides tended to stabilize the 6'-form during storage and enough 

stabilization of its B'-form was reached with 1% diglycerides. Margarine containing 5% 

diglycerides showed no grainy structure (cause of "sandiness"), which is characteristic 

of B crystals, after storage at 20°C for more than 44 weeks (Hemqvist, 1983). The 

addition of palm oil to fats destined for shortening and margarine production has a 

beneficial effect on their polymorphic stability (Berger, 1986).

The addition of surfactants in fatty acids and fats is known to affect polymorphic 

transformation and crystallisation patterns. Garti (1988) came to the following 

conclusions. (I) A surfactant interferes with the kinetics of transformation without 

alterations in crystal packing of the fat; (2) the retardation effect of a surfactant on crystal 

transformation is due primarily to the presence of specific hydrophilic moiety ; and (3) 

the dynamic control of polymorphic transformation does not seem to be concemed with 

surface activity properties but rather the unique chemical stmcture which permits their 

incorporation into the fat and concurrently a kinetic effect on the configurational change 

in the glycerol moiety of the fat, which is a principal step of the transformation.

Addition of 0.3% sorbitan tristearate to some vegetable fats, which have a strong 

tendency to form B- crystals and cause sandiness in margarine, was found to inhibit
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B'transition into B-form (Garti, 1988). However, the concentration found to have the 

same effect in palm oil was 1.5% (Kawamura, 1980). Sorbitan tristearate was also found 

to be the most effective compound, among a number of surface active lipids studied, to 

delay the transition to B-form in Canola oil (Lee and deMan, 1984). Sorbitan 

monostearate (5% wt.) added to molten fat phase (SSS, SOS and mixture of triglycerides) 

prior to the crystallisation process, served as a crystal modifier or a retarding agent, 

conserving the a- modification (Garti et al, 1982, 1989; Schlichter et al, 1986; Aronhime 

et al, 1988; Guth et al, 1989). The sorbitan esters (5%) were also effective in retardation 

of B' to B of tripalmitin (Sato and Kuroda 1987).

Although the real causes of fat blooming in chocolate^, which is responsible for 

lack of gloss, has not yet been fully understood, polymorphic transformation is thought 

to have a fundamental role. The addition of sorbitan esters (eg. Span 60 and Span 65), 

ethoxylated sorbitan ester (eg. Tween 60), lecithin or triglycerides similar in composition 

to those of cocoa butter can help in blooming prevention (Du Ross and Knightly, 1965; 

Campbell and Keeney, 1968; Chapman, 1971; Garti, 1988).

3.3.4 Temperature of Crystallisation

The importance of temperature to the solidification and the polymorphic behaviour 

of triglycerides is clearly demonstrated in Table 1.4 and also Figure 1.5. The decisive 

determinant of polymorph type is the crystallisation temperature (Hachiya et al, 1989; 

Sato et al, 1989; Timms, 1991).

Tempering of fat products is widely practised in food industry. The purpose of 

tempering process is to form homogeneous and stable crystals which will act as seeds in 

the subsequent cooling step. The presence of these crystal seeds will promote the 

crystallisation of stable polymorphic forms (or other forms if desired) during cooling. 

The same cooling process without stable seeds would lead to crystallisation of unstable

Blooming is the separation of cocoa butter from the chocolate matrix, extrusion 
of the fat to the surface and consequently appearance of a white layer that affects the 
quality of the product.
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forms. In the tempering of fully hydrogenated soybean oil at 45°C for 700 hour, Dafler 

(1977) was able to completely convert a- to B- crystals. The temperature obviously plays 

an important role in tempering process to obtain the desired polymorphic forms.

3.4 Mixture of Glycerides

Despite the fact that the polymorphism of triglycerides has been extensively studied, 

the solidification behaviours of natural oils and fats has not been well characterised. This 

is because most of natural oils and fats are mixtures of triglycerides and in addition 

contain other substances as minor components. Therefore, their solidification behaviours 

are more complicated than those of simple triglycerides.

In the liquid state, the miscibility of triglycerides is almost ideal, that is to say no 

heat or volume changes occur on mixing and the ideal or Hildelbrand solubility equation 

applies (Knoester et al, 1972). Most practical fat systems comprise mixtures of at least 

ten major triglycerides. When it is remembered that two fatty acids can produce 

triglycerides showing 15 binary interactions/phase diagrams, the situation in a natural fat 

containing 5 fatty acids can be very complex. Nevertheless, many common features of 

natural oils and fats can be drawn (Timms, 1984). These are

(a) A broad melting range is observed, not a single clearly defined melting point.

(b) Many fats show changing type and number of polymorphs with temperature 

and mixtures of B' and B are commonly found even at equilibrium after extensive 

tempering. The greater the non-uniformity of molecular size and type of 

triglycerides, eg. palm kernel oil, and beef tallow, the more 6' will dominate.

(c) The composition of the liquid and solid phase of a fat as well as the 

proportions, vary with temperature (see phase diagram in Figure 1.6).

(d) Where both B' and B occur in a fat, the highest melting form is not necessarily 

the B-form. This will be discussed in details in Chapter 3 (section 1.4.2, page 108).
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3.4.1 Binary mixtures of triglycerides

Mixtures of triglycerides of similar melting points form solid solutions (mixed 

crystal) over extensive, but not usually complete, ranges of composition. Triglycerides 

of 6- and 6'- modifications can form mixed crystals if the differences in chain length of 

the different triglyceride molecules do not exceed several CH2 groups (Rossel, 1967). 

Mixed crystals are common in milk fat and also occur in globular butter fat (Precht, 

1988). Here different kinds of molecules are incorporated into the lattice of one crystal.

A large variety of partial phase diagrams and liquidus lines have been assembled 

for numerous triglycerides containing fatty acids of interest primarily to the confectionary 

and food industry (Rossel, 1967,1973; Perron et al, 1971; Knoester et al, 1972; Ollivon 

and Perron, 1979; Hale and Schroeder, 1981). The fatty acids such as palmitate, oleate, 

myristate and elaidic acids have been studied in a variety of triglycerides of mixed 

composition, and the data compiled in those studies should be consulted. Few examples 

provided below are intended just to illustrate the way in which two triglycerides may 

react when mixed together and cannot be regarded as generalisation.

In Figure 1.6a the PPP-SSS® system where the chain length of triglycerides differs 

by only two carbons, a eutectic is present at about 20% SSS and 64°C. Small amounts 

of SSS (5%) are incorporated into PPP 6-structure and somewhat larger amounts (20%) 

of PPP are incorporated into SSS 6-structure. Compositions falling between these two 

limits are immiscible and form a large two-phase region. Also shown in this diagram are 

metastable systems of 6' and a, which probably form metastable solid solutions 

throughout the total range of composition.

If the difference between the two chain lengths is increased to four carbons, as in 

LLL-PPP system (Figure 1.6b), the eutectic moves towards the lower melting component

The following fatty acid radical abbreviations will be used throughout: L, lauric; 
M, myristic; P, palmitic; S, stearic; O, oleic. The order of the symbols represents the 
position of the acid radicals in the glyceride molecule. Thus, POS represents 1- palmito-
2- oleomonostearin.
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Figure 1.6 Binary phase diagrams of some simple saturated triglycerides, (a) 
tripalmitin-tristearin; (b) trilaurin-tripalmitin; and (c) trilaurin-tristearin. PPP-SSS 
form a eutectic system with limited regions of solid solutions of B. 6 ’ and a  are 
metastable in all mixtures. LLL-PPP is similar, but the solid solution of PPP in 
LLL is extremely limited. The LLL-SSS system is a monotectic system with a 
limited solid solution of LLL in SSS on the right. 'F = number of phase.
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(LLL), and very little of the higher melting component (PPP) is incorporated into the 

LLL 6-form. Some limited solid 6-solution of LLL in PPP is found. When the chain 

length difference becomes six carbons as in the LLL-SSS system (Figure 1.6c), a 

monotectic system exists in which no SSS can be incorporated into the LLL 6-form, but 

limited amounts of shorter-chain triglyceride are incorporated into 6-SSS.

No complete and reliable phase study of a triglyceride system with more than two 

components has yet been made.

3.4.2 Cocoa butter

The physical and chemical properties of cocoa butter have drawn the attentions of 

many investigators due to their significance in the confectionary production and storage. 

Cocoa butter is a tasteless natural fat, the melting behaviour of which is responsible not 

only for the mouthfeel but also for release of the flavour derived from the cocoa powder 

dispersed within the fat. Since the fat constitutes the main phase in chocolate and binds 

together the other ingredients, its physical properties determine the quality and 

acceptability of the confectionary products.

Cocoa butter consists mainly of monounsaturated-disaturated triglycerides and most 

of triglycerides contain one oleo group at 2-position. In other words, its major 

components are POP, POS and SOS. These three major triglycerides are completely 

miscible in the solid state in the proportion present in cocoa butter (Timms, 1984).

The typical arrangement of saturated monoacid triglycerides is the double-chain 

length structure (tuning fork) as shown in Figure 1.2 a. Whenever the dissimilarity in 

chain length or degree of saturation within the triglycerides increases, a triple-chain 

structure is preferred (Figure 1.2 b, c and d). The triple layer structure with all the oleic 

acyl chains in one layer is the way triglycerides in cocoa butter arrange themselves as 

shown in Figure 1.2 d.
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Six polymorphic forms have been reported (Wille and Lutton, 1966; Chapman et al, 

1971), these are Form I, II, III, IV, V and VI in order of increasing melting points (17°, 

23°, 25°, 27.5°, 33.8°, 36°C, respectively) and stability. However, some investigators 

believe that form III is merely a mixture of form II and IV and form VI is not a 

distinctive polymorph but actually is identical with form V, lacking the liquid 

triglycerides fraction (Aronhime and Garti, 1988). Hemqvist (1988) believes in 5 forms 

(I to V) and classifies polymorphs of cocoa butter as sub-a, a , Bj', B/ and B, respectively 

(This is not necessary correct).

In the manufacturing of chocolate, the temperature used for crystallisation of cocoa 

butter is vital to assure the correct polymorph (Form V). For example, solidification of 

the melt at 5-10°C and 16-21°C results in form III and IV, respectively. The transition 

of form V to VI occurs very slowly in comparison with other transformation and is 

associated with blooming in chocolate. Correct tempering can delay blooming or 

surfactants may be used to retard the transformation and hence improve product 

acceptability.

4. Objectives of the Study

The polymorphism of fatty species is clearly related to phase change and structural 

modification of solid compounds. This phenomenon significantly affects the physical 

properties of end products such as edible solid fats, confectionery fats and cosmetics. It 

is then reasonable to assume that polymorphism may have significant roles in 

pharmaceutical where the product shelf life is expected to be longer than those of food 

and cosmetic products. Although there have been several investigations on the use of 

gelucires as excipients in fast and controlled release preparations, most of these 

investigations involve in the studies of release characteristics of drugs from gelucire bases 

or the formulations studies. Despite the fact that they are glycerides, which exhibit 

polymorphic behaviour, this aspect of gelucires has never been seriously studied.
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In a previous section, it was shown that thermal history has an important role in 

polymorphic behaviour of fats and fat products. In pharmaceutical systems, the influence 

of thermal history on the structure and physical properties of PEG and its solid dispersion 

has been found (Chatham, 1988; Craig, 1989). Moreover, the fabrication of gelucires 

into any dosage forms must involve melting and solidification processes. Detailed 

investigation are therefore needed into the possible changes of physical properties caused 

by the melting/cooling and recrystallization cycle, with particular reference to drug 

release.

In the light of a few available studies (Dennis, 1988; Delgado et al, 1991; Remunan, 

1992), the drug release from molten filled drug/gelucire formulations alters during 

storage. Investigations are needed to establish the courses and causes of this change 

whether it associates with polymorphic transformation or not, in order to prevent it and 

arrive at a successful formulation whose performance is consistent throughout the shelf 

life.

To successfully formulate a controlled release dosage form, the rate of release of 

drug from the dose form should be known and more importantly be predictable. The 

mechanism of drug release from molten filled gelucire formulations will be elucidated.

Due to batch to batch variation of compositions, vigorous control of the quality of 

these products is essential to assure the consistency of performances. This is particularly 

true for a material derived from natural sources. New techniques are required for 

characterisation of materials. The pros and cons of both the established and the new 

techniques will be examined in the characterisation of gelucires.

Finally, gelucire serves as a very good model to investigate the polymorphic 

behaviour of mixture of glycerides. Some gelucires are composed of mixture of 

triglycerides, some also contain diglycerides and monoglycerides which are known to 

retard the polymorphic behaviour of pure triglycerides (see section 3.4). As seen in 

section 3, the polymorphic behaviuor of mixture of glycerides is nowhere near well



Chapter 1...Introduction / 59

understood, the study of proper gelucire systems will provide more information on this 

subject.

To summarise, the objectives of this work are

(1) To determine the importance of thermal history on the structure and physical 

properties of gelucires.

(2) To monitor the structural changes and their effects on the physical properties 

of gelucires.

(3) To determine the release characteristics of a model drug from gelucire bases.

(4) To evaluate the techniques used to characterise the bases.

(5) To investigate the polymorphic behaviour of mixture of glycerides.



2 .

Morphological Studies
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To achieve the first two objectives set in chapter 1, it is important that the 

polymorphic behaviour of gelucires be established. Important factors include the number 

of polymorphic forms, the stability of all polymorphic forms, their melting points, 

whether polymorphic transitions are possible within the temperature range used for 

stability studies and during processing. These will be studied in this chapter and also in 

Chapter 3. In this chapter the morphologies of selected gelucires and their relationships 

with crystallisation conditions, and storage time were determined.

1. Introduction

1.1 Crystal Habit / Morphology

Morphology and crystal habit are two terms commonly used for describing the 

overall shape of a crystal and often have the same meaning. Crystal habit depends on 

the relative growth rate of the crystal faces. Faces with low growth rate survive on the 

crystal; faces with high growth rates develop rapidly and disappear. Both the internal 

factors (e.g., crystal structure) and external factors (e.g., impurities and crystallisation 

conditions) determine crystal habit. Terms usually used to describe habit include tabular, 

platy, prismatic, acicular, bladed, irregular (anhedral).

Most crystals, though irregularly shaped, have a regular arrangement of building 

units, which are derived from repetitious spacing of constituent atoms or molecules and 

may be characterised by x-ray diffraction. There are seven systems of building units; 

cubic, tetragonal, hexagonal, trigonal, orthorhombic, monoclinic and triclinic systems. 

A single internal structure for a compound can have several habits. For example as 

shown in Figure 2.1, calcite (CaCOj), which crystallises as a trigonal system, displays 

a variety of habits. Nonetheless, there are a tendency for certain forms to occur more 

frequently than others in a given crystal structure (Hartshrone and Stuart, 1960).
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Figure 2.1 Crystal habits of Calcite. Each crystal is developed on the same 
internal structure.
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Figure 2.2 Crystal shape of 6-polymorph of tristearin grown in triolein 
solution.
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While internal structure is an important factor in determining habit, it is often by no 

means the major one. The two main factors which influence crystal habit are impurities 

and the degree of supersaturation of a solute to be crystallised in the solution. An 

impurity may prevent growth at one face relative to another. Supersaturation affects 

crystal habit as well as crystal size by influencing growth rates differently at different 

crystal faces.

Crystal morphology may affect some of pharmaceutical bulk properties, such as flow 

of powder, packing density, tableting behaviour, etc. (Fiese and Hagen, 1986). 

Morphology clearly affects the mechanical properties of polymers (Schott, 1983). The 

influences of morphology on the appearance and acceptability of food products such as 

butter and chocolate have already been mentioned in Chapter 1.

1.2 Polarising Microscope and Crystal

In polarising microscope, plane polarised light (light that vibrates in a single 

direction only) is allowed to impinge upon the specimen. If the material contains 

anisotropic or biréfringent structures, that is, those capable of rotating the light plane, the 

emerging light beam will be altered by twisting and partially extinguished. On the other 

hand, isotropic substances have only one refractive index and will not rotate plane 

polarised light.

A polarising microscope can be adapted from a bright field light microscope (such 

as the Olympus BH2 used in this study) by inserting a polarising filter below the 

condenser (the polariser) and one above the objective (the analyzer). If these two filters 

are arranged parallel to one another, plane polarised light is transmitted to the eye. If, 

however, their axes are perpendicular (crossed polars) then no light is transmitted and a 

dark field results. When an anisotropic material is placed between crossed polar it will 

rotate some of the planed polarised light and, thus, be visible. Isotropic samples, such 

as supercooled glass and non-crystalline organic compounds or substances with cubic
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crystal system (e.g. Sodium chloride), will not disturb the extinction of the beam, and no 

image of the material will be seen. Most crystals fall into anisotropic type.

Theoretically, it should be possible to identify any crystalline substances selected at 

random solely by means of their optical properties, if these have been previously 

recorded. In practise, owing to many possible crystal habits and their appearances at 

different orientations, to fully characterise even a simple crystal system requires a well- 

trained optical crystallographer.

Crystal morphology differences between polymorphic forms, however, are often 

sufficiently distinct that the microscope can be used routinely by a less experienced 

microscopist to describe polymorphic crystal habits and observe transitions induced by 

heat or solvents. The polarising microscope is by far the favourite tool for the study of 

polymorphism (Kuhnert-Brandstatter, 1964; McCrone, 1968; Haleblian and McCrone, 

1969). The microscope gives direct visual information about the outward form, texture, 

and state of division of the specimen, and if it is a mixture, the manner of aggregation 

of its ingredients, none of which properties is to be ascertained, at least directly, by 

technique such as X-ray diffraction, IR or DSC.

The shapes of crystals observed under the microscope will depend on the system to 

which they belong, and the habits they affect, the latter determining the orientation of the 

crystals on the slide. Disproportionate development of similar faces of individual crystal 

often masks the true crystallographic form, but in a group of them grown on a slide, 

some approximation to ideal shape are almost certain to be seen. Some of these typical 

shapes were depicted by Hartshorne and Stuart (1960).

1.3 Crystal Morphology of Glyceride Systems

Microscopy has been used successfully in the studies of triglyceride systems. Most 

of the investigations are in food industry, where morphology of crystals matters most, in 

order to relate texture and quality of the product to its microstructure. Many issues of
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texture, texture change and functionality have been resolved with the aid of microscopy. 

There has been a considerable number of work done in this area and a few reviews are 

available (Vaughen, 1979; deMan, 1982; Precht, 1988; see also most of the articles in 

Food Microstructure journal).

The morphology of crystal is determined by both internal and external factors, which 

will be different in the three polymorphic forms of triglycerides. Sato (1988), based on 

Hoerr’s work (1960), described the following as the typical morphologies of 

polycrystalline aggregates grown from the melt phase of fats.

a-crystal : very thin and smaller than several microns in crystal size, yielding the

smooth surface of crystallised samples. Tripalmitin and tristearin revealed spherulitic 

pattern.

B'-crystal : long needle shape, yet with a size distribution < 5 p.m. Spherulites of 6'

crystals are loosely packed.

B-crystal : large crystal ranging from 20-100|i in size and often growing in clumps

that cause grainy microstructure in fats; showed large coagulated platelets although 

tripalmitin was more tabular than tristearin.

The above descriptions seem to show reasonable agreement with what was found in 

the studies of microscopic appearance of various types of fat crystals, such as simple 

triglycerides (Quimby, 1950; deMan et al, 1985), lard, hydrogenated lard, rearranged lard, 

hydrogenated cotton seed oil and soybean oil (Hoerr, 1960), palm oil (Kawamura, 1979) 

and hydrogenated canola oil (Mostafa et al, 1985). However, ascribing definite 

polymorphic modifications to fat crystals of specific morphology is probably not justified 

for many natural fats because of the diversity in their compositions and hence 

polymorphic behaviour. This might be applicable in special cases such as highly purified 

simple triglycerides or fats that have uniform triglyceride contents.
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Figure 2.2 depicts the morphology of a single 6-crystal of tristearin (Okada, 1964; 

Albon and Packer, 1965; Skoda and van den Tempel, 1967; Albon et al, 1968). The 

most developed face is the basal (001) plane. The preferential growth direction is along 

the b axis. The second face developed is (101). The same feature is revealed in 

tripalmitin, although less-developed faces are different. The B'-crystal of PSP is of lath- 

shape, in which the growth direction is along the b axis.

2. Experimental Methods

2.1 Description of Gelucires Used in the Study

Five types of gelucires (Gattefosse, St. Priest) were used throughout the study. 

These were 43/01, 50/02, 50/13, 54/02 and 55/18, the manufacturing specifications of 

which can be found in Table 1.1. The chemical compositions of these gelucires are 

presented in Table 2.1. All samples were used as received and kept from light and 

moisture in a polyethylene paperboard container.

Gelucire 43/01 is a mixture of triglycerides. It is obtained from inter-esterification 

of hydrogenated palm and palm-kernel oils. It is an off white to yellow waxy solid and 

practically odourless. Gelucire 54/02 or Precirol or glyceryl palmitostearate is a mixture 

of di- and triglycerides and contains 8-17% of monoglycerides. It is available as a fine 

white powder. Gelucire 43/01 and 54/02 do not contain PEG esters. It should be noted 

that gelucire 43/01 has a wide range of fatty acid chains, ranging from C l2 to C l8 while 

gelucire 54/02 contains mainly C16 and C18.

Gelucire 50/02 and 50/13 are waxy solids and are mixtures of glycerides and PEG 

esters of fatty acids. They have the same melting points but 50/13 has higher HLB value 

owing to higher proportion of PEG esters. It should be noticed that 50/02 has a wider 

range of fatty acid compositions, ranging from C12 to C l8. 50/13 is dominated by
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Table 2.1 Chemical composition (%w/w) of gelucire samples studied.

Sample
Glycerides PEG esters FA composition

mono- di- tri- mono- di-
(%)

43/01 100 - - C8 (3); CIO (2); 
C12 (29); C14 (11); 
C16 (17); C18 (36)

54/02 8-17 50-52 31-34 - - C14 (2); C16 (49) 
C18 (47)

50/02(^) 5 30 45 - 20 C12 (10); C14 (7) 
C16 (40); C l8 (40)

50/13(̂ ) 5 8 8 29 43 C16 (46); C18 (51) 
C12,C14 (3)

55/18 - 15.2 84.1 C16andC18

(1) 50/02 contains < 1% of free PEG and < 0.5% of free glycerol.

(2) 50/13 contains 5-8% of free PEG and < 1.5% of free glycerol.
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palmitate (C l6) and stearate (CIS) esters and also contains free PEGs. The PEGs used 

in the manufacturing of these gelucires are PEG 1500.

Gelucire 55/18 is polyoxyethylene glycol 6000 dipalmitostearate (or polyoxyethylene 

(150) distearate) and does not contain glyceride species. It is hard solid with a yellow 

to light brown colour and a characteristic odour. It is obtained from a direct 

estérification of fatty acids and PEG 6000.

2.2 Sample Preparation

Two methods of melt crystallisation (Methods A and B) were used, which differed 

in cooling rate, as well as a solvent crystallisation (Method C). All samples were 

prepared on the microscopic slides with cover slips and kept for 6 - 1 2  hours in a 

desiccator over silica gel at room temperature before any examination.

Method A or slow cooling : Approximately 2-3mg of gelucire were placed on a

microscopic slide and covered with a cover slip. The slide was heated in a LTE G 150 

Oven fitted with a Newtronic Micro 96 Digital Programmer (Laboratory Thermal 

Equipment, Oldham) at 3°C/min to a maximum temperature of 75°C. The temperature 

was maintained at 75°C for 1 hour then the oven was automatically cooled at 0.17°C/min. 

(10°C/hour) to 30°C. Twenty slides of gelucire were prepared each time.

Method B or fast cooling : Approximately 2-3mg of gelucire were placed on a

microscopic slide and covered with a cover slip. The slide was heated in the same way 

as Method A but after being maintained for 1 hour at 75°C, it was quenched in liquid 

nitrogen for 10-20 seconds. To prevent water condensation on the slide, it was 

immediately put in a desiccator over silica gel. Twenty slides were prepared each time.

The above heating protocol was selected to ensure that the so-called memory effect 

was eliminated, ie. to destroy all the nucleus present in the melts (see Chapter 1, 3.3.2). 

In this way, the thermal history of the solidified samples was controlled.
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Method C or solvent crystallisation : A solution contains 10% w/w concentration

of gelucire in chloroform (AR grade : BDH, Poole) was dropped on a microscopic slide. 

Solvent was allowed to evaporate under ambient condition until the first sign of 

crystallisation occurred (turbidity on the surface). The cover slip was placed to retard 

solvent evaporation so that the crystallisation occurred slowly and the resulted crystals 

were big enough for clear observation. The sample was allowed to dry in a desiccator 

at room temperature for 24 to 48 hours and then placed in an oven and dried under 

vacuum (200mbar) at room temperature for 24 to 48 hours more. Higher concentration 

of sample than 10%w/w resulted in thick film which would impair optical observation. 

On the other hand, too low concentration would prolong the drying time.

2.3 Optical Examination and Melting Point Determination

The Olympus BH-2 polarizing microscope fitted with OM2 35 mm camera system 

and hot stage apparatus (Mettler Model FP52) were used to examine the appearances and 

to determine the melting points of the crystallised gelucires. Samples were examined at 

0, 14, 30, 60 and 90 days after preparation and stored in a desiccator over silica gel at 

room temperature.

Because gelucires are not pure substances, they do not possess sharp melting points. 

Their melting points were actually recorded as the temperature at which crystals 

completely melted (T J. Under polarised light, T„, is the temperature at which 

biréfringent or interference colours disappear. A red filter was usually placed between 

the analyser and the eyepiece to increase the contrast between background and crystals 

so that the determination of T^ could be more accurate. In addition, contrast and 

visibility could be enhanced by phase contrast technique, which was of particular use in 

the observation of detail of small crystals.

Generally, the heating rate of 2°C/min was used. However, occasionally for the 

observation of phase change or transition the rate of 0.2°C/min was also employed. The 

temperature was calibrated with standard indium (melting point 156.6°C). Melting point
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determinations were undertaken in triplicate. All photomicrographs were taken with 

Kodacolor Gold 400 ASA colour film. The negative was developed by standard 

photographic methods commercially available on a 4" x 6" paper.

3. Results and Discussions

All photomicrographs were taken without a calibrated graticule in order to obtain 

clear field of views. The magnification and the conditions used to take these photographs 

are provided in the caption of each plate. The magnification number is the magnification 

provided by the microscope multiplied by 4 which is the photographic enlargement 

between negative and print. The size of a crystal or aggregate can be obtained by 

dividing the distance measured in the photomicrograph by the magnification number. For 

example, the size of the crystal in Plate 3 is actually 12 x 48|i while it appears to be 2.4 

X 9.5cm in the photomicrograph.

3.1 Solvent Crystallisation Studies

Solvent crystallisation studies were conducted to identify the morphologies and the 

T^ values of the stable polymorphic forms. Theoretically, stable polymorphs crystallise 

from solvent (see Chapter 1). Plate 1-5, 6-11, 12-15, 16-17 are photomicrographs of 

C43/01, C54/02, C50/02 and C55/18, respectively. The values of T^ of gelucire samples 

crystallised from chloroform can be found in Table 2.2. The coefficients of variation 

(CV) of the values were less than 2% in all cases.

In the following discussion, crystals which have the same shape and T^ values are 

described as the same "Form" which was numbered I, II, III, etc. in order of increasing 

T^ values. It should be emphasised that these "Forms" of crystals were not of any 

particular pure components. They were likely to be complex mixture of components with 

similar properties and thus crystallised together (see later and also in Chapter 3).
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Table 2.2 values of gelucire samples at various periods of time/

Sample
CO'

0 days 14 days 30 days 60 days 90 days

A43/01 50.4 53.0 53.0 52.2 53.0

B43/01 47.7 47.6 50.1 49.2 49.6

C43/01 <------------- ------------ 57. C .........>

A50/02 49.8 51.5 54.3 - 54.4

B50/02 47.6 48.9 49.0 53.7 54.4

C50/02 <----------- 60.4 ------------------------>

A54/02 59.3 60.5 60.3 59.5 60.4

B54/02 55.9 56.3 56.7 57.0 59.2

C54/02 <----------- 66.4 ------------- ...............>

A55/18 51.7 50.7 50.9 54.5 53.7

B55/18 53.0 52.3 52.9 53.7 53.2

C55/18 <----------- 55.3 ------------- ----------- >

A50/13 61.2 - - - -

B50/13 59.1 - - - -

C50/13 <----------- -—  66.5 ----- ----------->

1) Samples were stored in the desiccator over silica gel at room temperature (18°C to 24°C).
2) A, B and C represent samples prepared by method A, B and C., respectively.
3) an average of three determinations. Coefficient of variation < 2% in all cases.
4) an average of ten determinations at various periods up to 60 days.
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3.1.1 Gelucire 43/01

A typical appearance of gelucire 43/01 crystallised from chloroform is shown in 

Plate 1. Three distinct morphologies could be identified and described as Form I, II and 

III in order of increasing melting ranges, which can be found in Table 2.3. These 

melting ranges were determined from the melting of crystal aggregates (or spherulites) 

of the corresponding crystal forms. The lower temperature given in the melting range 

of each crystal form was only an approximation since this could not be observed with 

accuracy. It was given here merely to give an idea how these aggregates melted in 

relation to one another.

Form III (Plate 2, 3) was a platy-shaped crystal and usually formed large aggregates 

whose Tn, value was <57°C. Form II ( Plate 4) was a needle-shaped crystal and showed 

spherulitic pattern whose T^ value was <50°C. The morphology of Form I could not be 

described accurately because of their small size. However, other appearances than those 

of Form III and II (in Plate 1) which melted below 40°C could be described as Form I.

Certain parts of Form I and II were metastable in comparison with Form III, which 

was stable. Form I and II partially transformed to Form III during storage, seen 

qualitatively by both the increasing numbers of platy-shaped crystals on the microscope 

slide and the smaller proportion of mass that melted below 40°C as time proceeded. It 

was thought that the black areas in Plate 1 was undergoing polymorphic transformation. 

These areas can be seen more clearly in Plate 5 where many long needle-shaped crystals 

(on the right side of the plate) were transforming into platy-shaped aggregates. It should 

be emphasized that the transformation to stable forms was not complete even at 60 days 

after preparation, ie. Form I, II and III were found to exist altogether at all times during 

the studies.

Upon heating on a hot stage at a very low rate (0.2°C/min.) to 38-40°C when most 

of Form I had melted, transition of Form I to Form II and III could be observed. This 

was seen in the microscope as the occurrence of needle- and small platy-shaped crystals
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Table 2.3 Melting ranges of various crystal forms found in gelucire samples 
crystallised from chloroform.

Sample /  Form Melting range (°C) Plate number

C43/01

I <35 - 40 1

II 42 - 50 4 ,5

III 47 - 57 2 ,3

C54/02

- < 52 6,7

I 45 - 57 7

II 52 - 64 8

III 54 - 67 9

IV 56 - 67 10, 11

C55/18

I 53 - 55.5 16

n > 72 17
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from the melt. The transition was not extensive. The faster heating rate only resulted 

in melting of crystals at their melting ranges. The transition of Form II to Form III upon 

heating had never been observed.

It should be re-emphasised here that the classification of crystals into Form I, II and 

III was based on their shapes and T^ values only and for convenience in discussion. 

From Table 2.1, 43/01 consists of 6 fatty acids and can possibly contain as many as 180 

triglycerides (ignoring stereoisomers and solid solution forming). If each triglyceride has 

3 polymorphs, the number of species possibly found in 43/01 can reach 540. It is 

obvious, therefore, that the crystals classified as the same Form were not necessary the 

same components and they apparently have different polymorphic behaviour as seen 

above that not all Form I and II were metastable or transformed into another form. 

Form I, II and III should not be regarded as polymorph a , B' and 6 since this is clearly 

incorrect.

3.1.2 Gelucire 54/02

A number of crystal morphologies were identified for gelucire 54/02 crystallised 

from chloroform, the melting ranges of which are given in Table 2.3. There are 4 crystal 

morphologies that could be described accurately and whose melting ranges determined; 

Form I, II, III, and IV. Form I was seen as spherulites in Plate 6 and 7 and Plate 8, 9 

and 10 represented Form II, III and IV, respectively. Considerable amounts of C54/02 

melted below 52°C. However, their morphologies could not be described because of the 

small sizes and thus were not named (Plate 6 and 7).

Form II, III and IV were stable forms. During storage, the polymorphic 

transformation of 54/02 was not as extensive as that of 43/01. Form IV (Plate 11) was 

thought to transformed from other crystal forms since its proportion increased as time 

proceeded. Upon heating on a hot stage, no transformation was ever observed.
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3.1.3 Gelucire 50/02

The microscopic appearance of 50/02 was very much like that of 43/01 and 54/02 

in combination (Plate 12 to 15). By comparison Plate 13 showed two types of crystals 

found in 50/02 which resemble Form II and III of 43/01 (Plate 1, 3 and 4). Not only 

there was a similarity between their morphologies, their polymorphic behaviours were 

comparable. The platy-shaped crystals in Plate 13 and 14, like form III, were stable 

polymorphs which increased their proportions with time. These were probably the 

triglyceride parts in 50/02.

Because of a number of crystal morphologies involved, no attempt was made to 

assign the melting ranges to those crystals found. Although this could be done, it would 

probably be very inaccurate. Upon heating on the hot stage, no transformation could be 

observed.

3.1.4 Gelucire 55/18

55/18 was crystallised from chloroform as a large continuous mass, the morphology 

of which was not well defined (Plate 16). Small numbers of spherulites were found 

(Plate 17) and named Form II in Table 2.3. They probably were free fatty acids.

Therefore, the value of T^ in Table 2.2 was taken as the temperature at which the main

feature (Form I) completely melted. The melting range of Form I of 55/18 was relatively 

sharp, ie. melting occurred within 3°C. This is expected since 55/18 comprises only PEG 

diesters of palmitic and stearic acids. No polymorphic transformation was observed in 

C55/18 both on aging and heating.
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3.2 Melt Crystallisation Studies

3.2.1 Comparison with solvent crystallisation

Plate 18, 20, 22, and 24 are the photomicrographs of A43/01, A50/02, A54/02, and 

A55/18, respectively and Plate 19, 21, 23, 25 are those of B43/01, B50/02, B54/02 and 

B55/18, respectively. Photomicrographs of A50/13 are shown in Plate 28 and 29 and 

B50/13 in plate 30 and 31. Table 2.2 provides the values of these samples at various 

time intervals up to 90 days.

From Table 2.2, all samples crystallised from chloroform (Method C) had higher 

melting points (T„) than ones crystallised from the melt (Method A and B). The 

differences in T„, values range from 2.3°C between B55/18 and C55/18 to 12.8°C 

between B50/02 and C50/02. Moreover, the differences were larger in gelucires which 

contain large proportions of glycerides, ie. >6°C in 43/01, 50/02 and 54/02. These 

findings confirm the polymorphic nature of gelucires with high glyceride contents. Some 

of the stable polymorphic forms which crystallised from chloroform did not crystallise 

from the melt. Therefore, the solidified samples had a high proportions of metastable 

forms of glycerides and lower melting point.

In gelucires which are high in PEG ester contents, e.g. 50/13 and 55/18, the 

differences between T^ values of solvent and melt crystallised samples were less 

pronounced, ie. <3.6°C. Although the crystallisation of different polymorphic forms of 

glycerides could account for the differences of T^ values in 50/13, it probably could not 

explain those in 55/18.

3.2.2 Effect of cooling rates

Gelucire 43/01, 50/02. 54/02 : Table 2.2 shows T̂ , values of samples prepared by 

Method A (slow cooling) and Method B (fast cooling). For samples whose major 

components are glycerides, ie. 43/01, 50/02 and 54/02, the values of T^ of slowly cooled
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samples were a few degrees higher than those of fast cooled samples. Presumably, fast 

cooling resulted in the solidification of a large proportion of samples in metastable or 

lower melting forms while slower cooling rate enabled higher melting forms or some of 

the stable forms to crystallise.

Plate 18-23 are photomicrographs of gelucire 43/01, 50/02 and 54/02 samples 

crystallised from the melts which clearly shows the effect of cooling rate on the 

morphologies and the size of crystals obtained. Slow cooling rate allowed the 

development of spherulites and resulted in larger size crystals (Plate 18, 20 and 22). In 

contrast, fast cooling resulted in very small size crystals whose shapes could not be 

defined under optical microscope (Plate 19, 21 and 23). Although spherulitic patterns 

could develop in B54/02, they were very small in comparison with spherulites in A54/02 

(Plate 22 and 23).

Gelucire 50/13, 55/18 : Plate 24 and 25 are photomicrographs of A55/18 and B55/18

and Plate 28/29 and Plate 30/31 are those of A50/13 and B50/13, respectively. Cooling 

rate affected the morphologies of 50/13 and 55/18 in the same way as it did in 43/01, 

50/02 and 54/02. Larger crystals and spherulitic patterns resulted from slow cooling 

while smaller crystals were obtained from fast cooling though there were spherulites in 

B55/18.

There were considerable amount of isotropic liquid droplets found in A55/18 as 

shown in Plate 24. Some of these droplets revealed dendritic structures which usually 

occur in the early stage of crystallisation (Buckley, 1961). Dendrites are, in fact, crystals 

"which have run riot under peculiar conditions of growth" (Buckley, 1961). Dendritic 

structure were also found in aged B55/18 (Plate 27).

Plate 30 and 31 also show "uncrystallised melt" or liquid found in B50/13 as well 

as A50/13. It was also observed that a large proportion of slowly cooled 50/13 samples 

started to crystallise below 30°C after taken out of the oven. This reflected the high 

degree of supercooling of 50/13 melt which may be responsible for liquid found in 50/13.
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Gelucire 50/13 also contains free PEGs, which is liquid in the low molecular weight 

region (<1000). They may also be responsible for the liquid found and cannot be ruled 

out.

3.2.3 Effect of ageing

Table 2.2 shows T^ values of samples prepared from method A and B at various 

periods of time up to 90 days. As expected, T^ values increased with time in all 43/01, 

50/02 and 54/02 samples due to the polymorphic transformation to more stable forms. 

In spite of the increase, the T^ values of these samples at 90 days after preparation were 

4-5°C below T^ of samples crystallised from chloroform.

The polymorphic transformation was also evident from the morphological changes 

of some gelucire samples during storage, although these were not always obvious. The 

photomicrograph of A43/01 in Plate 33 taken 60 days after the one in Plate 32 clearly 

demonstrated these changes. On the other hand, the morphologies of A54/02 (Plate 22) 

and B54/02 (Plate 23) were very much the same after 60 days. In between of 43/01 and 

54/02 were 50/02 in which the transformation could be seen as the enlargement of the 

black area in Plate 35 in comparison with Plate 34 taken 60 days earlier.

The T^ value of B55/18 did not change while that of A55/18 increased after 90 days. 

The T^ values of both samples were eventually the same after 60 days but were still 1- 

2°C lower than that of solvent crystallised sample. Plate 37 taken 60 days after Plate 36 

showed the occurrence of crystals from isotropic liquid droplets described earlier (focus 

on the right- hand side and the top left-hand comer of the plates).
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4. Conclusion

Gelucires exhibit polymorphic behaviour due to their glyceride components. Stable 

polymorphic forms crystallised from chloroform which resulted in samples with much 

higher values than those crystallised from the melts. The polymorphic transformation, 

which occurred during ageing, was responsible for the increase in values of samples 

crystallised from the melts. These transformations were sometimes accompanied by 

morphological changes which could be microscopically detected.

The cooling rate used to solidify the melt affected the morphologies of samples and 

their T^ values. Slow cooling allowed the spherulites and large-sized crystals to develop 

while fast cooling often resulted in very small crystals. In addition, the T^ values of 

slowly cooled samples were a few degree higher than those of fast cooled samples. It 

is possible that slow cooling allowed higher melting polymorphs to crystallise while 

metastable forms crystallised with fast cooling of the melts. However, with only the 

evidence provided by the HSM, this cannot be conclusive.

Polymorphic behaviour was not observed in gelucire 55/18. Nevertheless, the 

cooling rate used to solidified 55/18 samples affected its morphologies in the same way 

as described above.
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Plate 1 General appearances of 43/01 crystallised from chloroform. (1:200; P,F)

A large aggregate on the right is composed largely of Form III. 
Three spherulites on the left are mainly Form II.

These keys are used throughout Plate 1 to Plate 37.

1:2(X), 1:500, 1:20(X) = actual length :length measured in the photograph
P = Polarised light
F = Filter, red
phase = phase contrast
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Plate 2 (Top) 43/01 crystallised from chloroform ; Form III (1:500; phase)

Plate 3 (Bottom) 43/01 crystallised from chloroform ; Form III (1:2000; phase)
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Plate 4 (Top) 43/01 crystallised from chloroform ; Form II (1:2(XX); phase)

Plate 5 (Bottom) 43/01 crystallised from chloroform ; Transition can be seen on the 
right hand side. These areas will be black under polarised light. 
(1:500; phase)
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Plate 6 (Top) 54/02 crystallised from chloroform (C sample) (1:200; PF)

Plate 7 (Bottom) C54/02: Spherulite = Form I (1:500; P)
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Plate 8 (Top) C54/02 Form II (1:2000; phase)

Plate 9 (Bottom) C54/02 Form III (1:500; phase)
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Plate 10 (Top) C54/02 Form IV (1:2000; phase)

Plate 11 (Bottom) C54/02; Occurrence of Form IV among other forms. (1:500; PF)
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Plate 12 (Top) 50/02 crystallised from chloroform (C sample) (1:200; P)

Plate 13 (Bottom) C50/02: Platy-shaped crystals and spherulites resemble Form II 
and Form III in C43/01 (see also Plate 1 and 2) (1:500; PF)
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Plate 14 (Top) C50/02 (1:5(X);PF)

Plate 15 (Bottom) C50/02 (1:500; P)
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Plate 16 (Top) 55/18 crystallised from chloroform : Form I typical appearance 
(1:500; PF)

Plate 17 (Bottom) C55/18 Form II which is thought to be free fatty acids. 
(1:2000, P)
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Plate 18 (Top) A43/01 (slowly cooled sample); typical appearances (1:200; P)

Plate 19 (Bottom) B43/01 (fast cooled sample); typical appearances (1:200; PF)
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Plate 20 (Top) A50/02 (slowly cooled sample); typical appearances (1:5(X); PF) 

Plate 21 (Bottom) B50/02 (fast cooled sample); typical appearances (1:500; PF)
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Plate 22 (Top) A54/02 (slowly cooled sample); typical appearances (1:500; P)

Plate 23 (Bottom) B54/02 (fast cooled sample); typical appearances (1:500; PF)



Chapter 2... Morphological Studies / 92

%

%

Plate 24 (Top) A55/18 (slowly cooled sample); Note the isotropic droplets some of which 
remain uncrystallised even after 60 days. (1:200; PF)

Plate 25 (Bottom) B55/18 (fast cooled sample); typical appearance (1:200; PF)
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Plate 26 (Top) B55/18 ; small spherulites (1:500; PF)

Plate 27 (Bottom) Dendrites found in aged 355/18. Dendritic structures are also 
found in A55/18. (1:2000; phase)
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Plate 28 (Top) A50/13 (slowly cooled sample); typical appearances (see below) 
(1:500; PF)

Plate 29 (Bottom) A50/13 ; also typical (1:500; P)
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Plate 30 (Top) B50/13 (fast cooled sample); Note the occluded liquid (1:500; PF)

Plate 31 (Bottom) Uncrystallised liquid from Plate 30 (1:2000; P)
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Plate 32 (Top) A43/01 1 day after preparation. (1:5(X);PF)

Plate 33 (Bottom) A43/01 60 days after preparation. (1:500; PF)
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Plate 34 (Top) A50/02 1 day after preparation. (1:500; PF)

Plate 35 (Bottom) A50/02 60 days after preparation. The appearances are much the 
same as Plate 34 except for the enlargement of the black areas. 
(1:500; PF)
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Plate 36 (Top) A55/18 1 day after preparation. (1:200; P)

Plate 37 (Bottom) A55/18 60 days later. Note the occurrence of crystals on the 
right hand side and at the left hand corner from isotropic 
droplets in Plate 36. (1:200;P)
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Differential Scanning Calorimeter (DSC) was used to confirm and extend the 

information reported in Chapter 2, such as the effect of cooling rate and ageing on the 

polymorphic behaviour of gelucire bases. In addition, the effect of maximum temperature 

and time at the maximum temperature used in the heating programme, the effect of 

storage under different relative humidity and the effect of tempering on the thermal 

behaviour of gelucires were studied. In this chapter, only the studies on gelucire bases 

alone will be presented, the DSC studies on mixtures of the drug and the bases will be 

discussed in Chapter 5.

1. Introduction

Most fats including gelucires are solid dispersion systems (of glycerides) in which 

an individual component also exhibits a polymorphic behaviour. DSC and other 

techniques, e.g. infrared spectroscopy, x-ray diffraction, nuclear magnetic resonance have 

been used successfully in the characterisation of fats and oils (Chapman, 1962; Timms, 

1984). In order to make the optimum use of a DSC in the characterisation of gelucire 

systems, some basic knowledge is required and is therefore given below.

1.1 Differential Scanning Calorimeter (DSC)

Differential Scanning Calorimetry (DSC) is a technique in which the difference in 

energy input into a substance and a reference material is measured as a function of 

temperature whilst the substance and the reference material are subjected to a controlled 

temperature programme. It can be used to monitor endothermie processes (melting, 

boiling, sublimation, vaporisation, desolvation, solid-solid phase transition, and chemical 

degradation) as well as exothermic processes (crystallisation and oxidative 

decomposition). DSC thermograms are obtained as the differential rate of heating (in 

units of W/sec, cal/sec or J/sec) against temperature. The area under a DSC peak is
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directly proportional to the heat absorbed or evolved by the thermal event, and an 

integration of these peak areas yields the heat of reaction (in units of cal/sec.g or J/sec.g).

The comprehensive reviews on the technique are available (Wendlandt, 1974, 1982, 

1984; McNaughton and Mortimer, 1975; Murphy, 1980) and the applications of DSC in 

pharmaceutical, ranging from general applications (Fairbrother, 1983; Giron, 1986; Ford 

and Timmins, 1989), purity determination (Blaine and Schoff, 1984; van Dooren and 

Muller, 1984), drug-excipient interaction studies (van Dooren, 1983), analysis of polymer 

(Gedde, 1990), solid dispersion systems (Grant and Abougela, 1982) and stability studies 

(Wan Po, 1986), have also been reviewed. Although some of these review actually refer 

to the application of DTA (Differential Thermal Analysis), they can be applied to DSC.

1.2 Application of DSC in Solid Dispersion Systems

Grant and Abougela (1982) gave a concise account on the application of DSC 

(actually DTA) in solid dispersion systems. Ford and Timmins (1989) also reviewed the 

subject and gave many examples which showed that the technique had been used 

extensively in constructing phase diagrams of the pharmaceutical binary mixtures. 

Liversidge et al (1981) used DSC to construct the phase diagrams of binary mixtures of 

triglycerides in order to find the suitable composition of suppository bases. DSC was 

used to make many phases diagrams of triglyceride systems of interest in food industry 

(see Chapter 1).

Figure 3.1 illustrates the phase diagrams of some solid dispersion systems, e.g. a 

eutectic system with partial solid solubility (Figure 3.1 a), a monotectic system (Figure

3.1 b), with the corresponding DSC curves. The peak of the thermogram represents a 

temperature at a phase boundary and the composition of the mixtures obviously determine 

the overall shape of the thermogram. Figure 3.1(c) demonstrates further how a more 

complicated phase diagram of paracetamol and phenazone system can be constructed 

from the DSC thermograms (Grant et al, 1980).
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Figure 3.1 Application of DSC in solid dispersion systems, (a) Eutectic
system with partial solid solubility. Keys : a, B = solid solutions, 1 = liquid, (b) a 
monotectic system, (c) Phase diagram constructed from DSC curves on heating 
fused-cooled mixtures of paracetamol and phenazone. Keys : A, paracetamol; Z, 
phenazone; AZ, 1:1 complex; L, liquid; p, peritectic point; m, congruent melting 
point of AZ (From Grant et al., 1980).
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The phase diagram of a mixture represents the state at which two or more substances 

are in equilibrium. The DSC technique, however, is a dynamic method providing data 

of a material undergoing temperature change in which there can be no guarantee 

concerning equilibrium (van Dooren and Muller, 1983). During heating, equilibrium 

concentrations of the components are attained by diffusion of components within each 

phase. Slow scanning speed may allow equilibrium to be maintained and have been used 

by many investigators to construct the phase diagrams (e.g. Ford and Rubinstein, 1978; 

Kaur et al, 1980; Liversidge et al, 1981). It should be noted that in the use of DSC for 

purity determination, which requires that the equilibrium should be maintained throughout 

the fusion process, the recommended scanning speeds are extremely slow, e.g. 0.625 to 

1.25°C/min. (Marti, 1972) or <2.4°C (van Dooren and Muller, 1983). The determination 

of purity by DSC is, in fact, a determination of partial phase diagram of a binary eutectic 

mixture.

The problem of non-equilibrium in a dynamic DSC-method was highlighted by 

Brodin and colleagues (1984) in the study of lidocaine-prilocaine binary system. In the 

region of high prilocaine content, DTA curves of a nonequilibrium sample showed only 

one peak corresponding to the formation of solid solution. However, this was not 

supported by X-ray and IR studies, which indicated no interaction between the two 

components. After equilibration of samples for 3 weeks at 5°C, another peak 

corresponding to the eutectic melting point appeared. This indicated that the two 

substances did not form a solid solution but rather a eutectic mixture in accordance with 

X-ray and IR results.

1.3 DSC and polymorphism

There is a considerable body of literature describing the evaluation of polymorphic 

forms of drug substances by DSC. Ford and Timmins (1989) published a list of such 

papers. DSC has been used as a main technique in the studies of polymorphism of fats 

and oils by many investigators (for recent examples. Yap et al, 1989; Garti et al, 1989; 

Aronhime et al, 1988; Dimick and Manning, 1987; Rivarola et al, 1987). Basically, there
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are three types of thermograms that may be obtained from DSC scanning of a pure 

substance which has two polymorphs.

(1) One which shows a solid-solid transition before melting (of a more stable 

form), ie. a thermogram with two endothermie peaks; one very small and the other 

bigger. The heat of transition is usually smaller for solid-solid phase change than solid- 

liquid phase change (Timms, 1984)

(2) One which shows the melting of a metastable polymorph (an endotherm), 

then a recrystallisation from the melt to a more stable form (an exotherm), and the 

melting of the stable polymorph (another endotherm). Figure 1.5 (solid line) in Chapter 

1 illustrates this type of thermogram.

Depending on the scanning speed, either (1) or (2) may be obtained as shown, for 

example, by Behme et al (1985) in the study of an anxiolytic drug, gepirone and 

Schlichter et al (1987) and Garti et al (1989) in the study of tristearin. Slow scanning 

speeds (1° and 2°C/min in tristearin; 2.5°, 5° and 10°C/min. in gepirone) allowed a solid 

state transformation while faster ones (5° and 10°C/min. in tristearin; 20° and 40°C/min. 

in gepirone) only allowed a melt-mediated one.

(3) One in which each polymorph melts without any transition to the other form, 

neither solid state nor melt-mediated transition (Giron, 1986).

In the circumstances when a substance has more than two polymorphs the solid-solid 

transition, melting and crystallisation may overlap leading to difficulties or even 

misunderstanding in the interpretation of a DSC curve. The overlap of transitional events 

may also be true for a mixture of substances which exhibit polymorphic nature, such as 

a mixture of triglycerides.

Polymorphic transformations may occur during scanning. It is therefore difficult, 

sometimes even impossible, without additional evidence, to judge whether the DSC curve 

represents the state of a sample before the scanning or is only a result of an induction
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of the heating itself. Two examples provided below reflect clearly the nature of this 

difficulty. In addition, they show how the choice of scanning speeds were selected to 

suit the phenomenon the investigators wanted to study.

Tuladhar et al (1983) found that the DSC curve of polymorphic form E of 

phenylbutazone had only one peak (around 370K) when a scanning speed was 

>32°C/min. This peak represented the melting of the drug. When a scanning speed was 

less than 32°C/min. (16°, 8°, 4° and 2°C/min.) three peaks were found. These were an 

endothermie around 370K followed by an exothermic and an endothermie at 375.5°- 

378.5°K, depending on the scanning speed. This new thermogram represented the 

melting of form E and the recrystallisation and melting of a new polymorphic form 

(Form A), respectively. Liversidge et al (1981), working with tristearin, observed similar 

results. A fast scanning speed (15°C/min.) resulted only in the melting of a- form of 

tristearin. Slower scanning speeds (8°, 6°, 4°, 2° and l°C/min.), however, allowed the 

transformation of a-form into higher polymorphic forms, although the thermograms were 

more complex than those of phenylbutazone.

Tuladhar et al (1983) went on to use a scanning speed of 32°C/min. to investigate 

the thermal properties of phenylbutazone crystal forms before and after grinding. They 

found that Form E appeared to be partially converted to Form A on grinding. It is 

obvious that slow heating rates, which also induced the change, could not be used to 

investigate this effect of grinding. On the other hand, since the maximum number of 

transitions was given by a scanning speed of 2°C/min., Liversidge et al (1981) used this 

rate to study the storage effect on melting behaviour of triglycerides and commercial 

suppository bases and to construct the phase diagrams of tristearin and other triglycerides.

1.4 DSC in the Study of Fats / Gelucire Systems

1.4.1 Practical consideration : a scanning speed

The principles described in 1.2 and 1.3 in this chapter can be applied in the DSC 

studies of gelucires or other fats. Obviously, a scanning speed is a very important factor
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that should be considered carefully when working with a solid dispersion and 

polymorphism. The fact that fats have a very low thermal conductivity (Sonntag , 1979) 

probably makes the situation even more difficult. In modern DSC equipment the 

platinum thermocouple is placed outside the sample, hence the temperature indicated by 

the machine is not necessary the same as the sample. Furthermore, a temperature 

gradient in the sample can exist as a result of poor heat transfer, which makes the use 

of high scanning speed inadvisable. As demonstrated by Kawamura (1979), a change of 

a scanning speed from 10°C/min. to 40°C/min. increased a melting point of polymorph 

form A (a tentative term) of palm oil from 300°K to 315°K. On the other hand, results 

from a slow scanning speed may not reflect the actual state of a sample.

There is a consensus for the use of low scanning speeds, ie. l°-5°C/min. in the DSC 

studies of suppository bases (Coben and Lordi, 1980; Yoshino et al, 1981; Wesolowski, 

1982; Liversidge et al, 1981, 1982; Laine et al, 1988; Fabregas et al, 1991; De Muynck 

and Remon, 1992). The reason given by these investigators is that speeds higher than 

5°C/min totally wash out and shift the sharp peaks observed at slower scanning speed.

In fats and oils chemistry, the scanning speeds used are more diverse, probably just 

because many more studies have been done than in pharmaceutical. For example, an 

unusual high rate of 80°C/min was used by Busfield and Proschogo (1990a, b) in the 

study of palm stearine (a solid part of palm oil). The reason for this, as described in 

previous section, is that at high scanning speed there is less chance of any structural 

reorganisation occurring during the time of the scan, so that the thermal characteristics 

observed relate more closely to the morphology of the sample existing at the start of the 

scan. At lower scan speeds, structural reorganisation can occur during the scanning 

process (Busfield and Proschogo 1990a, b). However, when a very fast speed has been 

used, it was usually accompanied by slower scanning speeds to complement the 

interpretation of the results (Kawamura, 1979; Busfield and Proschongo, 1990a, b).
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1.4.2 A hypothetical binary mixture of fats

To aid the interpretation and discussion of the results in this study, it may be helpful 

to discuss the thermal behaviour of a hypothetical fat. Since even the simplest fat such 

as cocoa butter would require consideration of at least five triglycerides to even 

approximate its behaviour, it is clearly not possible to depict the true situation. Instead, 

consider a fat containing two components X and Y as shown in Figure 3.2. X and Y are 

assumed to have stable B and B' polymorphs respectively. A mixture of X and Y is a 

eutectic system with partial solid solubility.

At composition â â , a simple binary mixture fat, Sx(B) (a solid solution of Y in X), 

showing a single stable B polymorph exists but melting over a temperature range between 

the solindex and liquidas lines. At composition bib2, a fat showing a broad melting range 

occurs but now the fat is a mixture of two solid solutions Sx(B) and Sy(B3(a solid 

solution of X in Y) with both B and B' polymorphs present together. As the temperature 

is increased, the Sy(B') disappears when the solidus line is crossed, leaving Sx(B) which 

disappears when the liquidas line is crossed. In this case, a natural disappearance of 

polymorph, ie. B' before B, is observed but the two are not related as in the case of a pure 

triglyceride.

At composition fjf2, a fat which is a mixture of solid solution Sx(B) and Sy(B3 can 

again be observed except for that Sx(B) will melt before Sy(BO if the temperature is 

raised. In other word, B polymoiph melts before B' polymorph. At composition g^g2, 

which is a eutectic composition, a solid solution Sx(B) and Sy(B') will melt at the same 

temperature, ie. B and B' polymorph have the same melting point. These two situations 

are not possible for a single pure triglyceride and are the reasons why the polymorphic 

behaviour of a real fat is much more complicated. Finally, at composition hih2, the 

situation is similar to the one at a^a2, but B' polymorph (a solid solution Sy(6')) is 

observed.

The above reasoning can be assumed to extend to a mixture of many components 

in which case more than two solid solutions may co-exist their number and composition
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Figure 3.2 Schematic phase diagram of two pure triglycerides (X and Y). X 
and Y are assumed to have stable polymorphs 6 and B', respectively and have partial 
miscibility in the solid state to give solid solutions Sx(B) and Sy(B')»
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changing with temperature (see also Chapter 1 section 3.4). It should be noticed that the 

preceding discussion has not taken into account the existence of metastable forms of fat 

X (a  and 6') and fat Y (a-form) since the situation at equilibrium is assumed. 

Obviously, the phase behaviour of mixture of X and Y is dependent on time as well.

1.4.3 Solid Fat Content (SFC)

Most of natural fats and fat blends used in food industry are semisolid in the 

temperature range of practical interest. In such case the percent fatty solids at various 

temperature is very important to their quality control. Solid Fat Index (SFI) has been 

widely used in the determination of fatty solids. Essentially, SFI is a calculated value 

based on the measurement of thermal expansion and contraction of fat as it changes from 

solid to liquid or vice versa.

The determination of fatty solids in term of SFI is time consuming involving a 

dilatometric technique. Attempts have been made to replace this method by using the 

techniques such as pulse-NMR or DSC. NMR discriminates between proton in the solid 

phase of a sample and protons of the liquid phase and the results obtained are a more 

correct measure of the percent solids in the sample than SFI, which measure thermal 

expansion, a secondary effect of the solid-liquid composition (Applewhite, 1985). The 

use of NMR in solid measurement is established by the American Oil Chemist’s Society 

as a "recommended practise" and referred to as the Solid Fat Content (SFC).

The measurement of fatty solids by DSC is the measurement of the heat of fusion 

of a frozen, completely solid sample of fat. The area under the melting curve is 

measured, then, selected partial areas up to the temperature of interest are measured as 

a percentage of the whole (Miller et al, 1969; Applewhite, 1985). The precision of the 

DSC method in a measurement of solid fat contents is poorer than SFI but the time used 

for the measurement is much less (Applewhite, 1985).

deMan (1961 a, b) reported the difference in solid fat content (as determined by 

dilatometry) and penetration hardness in slowly cooled and fast cooled milk fat. Timms
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(1980) also successfully used SFC in the study of phase behaviour and polymorphism of 

milk fat. In this study, SFC as calculated from the DSC data will be introduced into the 

characterisation of gelucire systems.

2. Experimental Methods

The methods and conditions described here were applied throughout this work 

(including in later Chapters) unless otherwise stated.

2.1 Sample Preparation

One of the following methods were used in sample preparations.

Method A and Method B or slow and fast cooling : These two methods were the same 

thermal treatments as those employed in Chapter 2. A sample of gelucire (5-7mg) was 

accurately weighed to 0.01 mg with an AD-4 Autobalance (Perkin Elmer, Beaconsfield) 

in an aluminium DSC-pan which was then covered with the sample pan cover and gently 

crimped. Each sample pan was then placed in a small glass bottle, put in a 

programmable oven and subjected to thermal treatment described earlier in Chapter 2.

Method C or solvent crystallisation : One hundred mg of 10%w/w gelucire in

chloroform solution was poured into a petridish (diameter = 9.2cm, height = 0.8cm). 

Solvent was allowed to evaporate at room temperature until the first sign of 

crystallisation occurred, after which the petridish cover was placed to retard solvent 

evaporation. After 24 hours when the bottom of the petridish was covered with thin plate 

of crystallised fat, a spatula was used to gently break up the aggregates, and hence further 

facilitated solvent evaporation. Crystallised sample was then allowed to dry under 

vacuum (200mBar) at room temperature for 48 hours more.



Chapter 3....DSC Studies /112

Method E or ambient cooling : This method was designed to produce samples which

could be related as closely as possible to the samples used in the studies on dissolution 

and mechanical properties. Forty grams of sample was put in a 250ml beaker, placed in 

a programmable oven and heated at 3°C/min to 75°C. The temperature was held for 1 

hour at 75°C before the beaker was taken out of the oven. Approximately 5g of the 

molten sample was immediately poured into a glass bottle (diameter = 2.0cm, height = 

3.2cm), which had been previously left at room temperature, and allowed to cool. By 

inserting a temperature probe into the bottle, it was found that the melt was cooled from 

75°C to 25°C in 2-5 minutes depending on the type of gelucires used. The cooling was 

non-linear fashion, being faster at higher temperature, thus the cooling rate could not be 

calculated.

Untreated sample : Samples which were used as received from the manufacturer were

labelled as untreated samples.

Reheated sample : Any samples, e.g. A, B, C, E or untreated samples whether aged

or freshly prepared, which were heated (or scanned) in the DSC sample cell at 2°C/min 

to 75°C, left at that temperature for 5 minutes then cooled to 25°C at the rate of 

200°C/min and left at 25°C for ten minutes were assigned as reheated samples. These 

samples were usually rescanned to obtain another DSC curves.

2.2 Storage of Samples

Unless otherwise mentioned, samples were stored in one of two cabinets (57x27x24 

cm and 32x37x32cm) over silica gel at room temperature («18° to 24°C). During the 

first 60 days of storage, silica gel was dehydrated occasionally. The relative humidity 

in the cabinets were found to be 0-10%.

For the study on the effect of moisture, a desiccator containing a saturated sodium 

chloride solution, which brought the relative humidity to 79-82%, was used to store 

samples and labelled as 80% relative humidity. Samples labelled as 0% relative humidity 

were stored in the cabinets described above.
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2.3 DSC Operating Procedures

The Perkin-Elmer DSC-7 connected to a DEC 325c personal workstation was used 

throughout. The CCA7 controlled cooling accessory, which employed liquid nitrogen as 

a coolant, was always turned on to control the temperature of the DSC block, which 

acted as a temperature sink (in which the sample holder was buried), at -40°C at all times 

during operation. The instrument was operated under nitrogen purge gas at the rate of 

25-30 ml./min, unless otherwise stated. Indium and zinc standards (Perkin Elmer, 

Beaconsfield) were used for temperature and area (heat of transition) calibration.

It is generally accepted that the scanning speed, particle size distribution of the 

samples and sample size should be standardised if accurate or meaningful results are to 

be obtained from the DSC data (van Dooren 1980, 1982, 1983). In the present study, 

these factors were standardised as in the following manners.

Sample size : The sample sizes commonly used in DSC investigation of fats range from 

3 to 20mg (e.g. Kawamura, 1979, 1980; Coben and Lordi, 1980; Liversidge et al, 1981; 

Garti et al, 1982, 1986, 1989). In this study, it was found that 3-4mg of samples were 

needed to cover the whole bottom of the sample pan without leaving any "hole" while 

more than 12mg of samples would require high compression force to crimp the sample 

pans, which could lead to leakage of the molten samples. In addition, to minimise a 

thermal gradient in the sample near the top and the bottom of the pan due to low thermal 

conductivity of fats, sample should be as thin as possible. A sample size of 5-7mg was 

considered to be the most practical one and was used throughout.

Particle size : Regardless of what is said in the literature about the importance of

particle size and shape (van Dooren, 1982; Craig, 1989; Craig and Newton, 1991), this 

is the quality that has never been cited, not to mention standardised, in the DSC studies 

of fats. Preliminary study was conducted by scanning (1) a 5.24 mg. single aggregate 

of gelucire 43/01 (2) a 5.32 mg. of gelucire 43/01 containing many small aggregates. 

The resulting thermograms could be superimposed, ie. no significant difference of the 

results was observed. This together with the fact that when fat sample was crimped in
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the DSC pan both the particle size distribution and shape changed, it was considered 

unnecessary to characterise particle size distribution and shape of gelucire samples used. 

More importantly, the attempt to reduce the particle size of gelucires was kept to a 

minimum in order to avoid the possible change of crystal forms induced by the energy 

involved. It should be noted that in the large part of the studies, samples were prepared 

directly in DSC sample pan (for example, in Method A and B).

Scanning Speed : Preliminary studies were conducted by scanning the accurately

weighed 5-7mg samples of untreated gelucire 43/01 from -20°C to 75°C at the rate of 

2°, 10° and 20°C/min. to obtain the first thermograms. The samples were then cooled 

down (after being left at 75°C for 5 minutes) at 200°C/min. to 25°C stabilised for 10 

minutes and rescanned for the second thermograms (the reheated samples). The resulting 

DSC thermograms of 43/01 were shown in Figure 3.3. It can be seen that the increase 

of scanning speed resulted in the increase of the peak temperature by 3.8° and 4.1°C for 

the untreated and the reheated samples respectively. The heats of transition (fusion; AHf) 

were practically the same for all scanning speeds, ie. 137.08 ± 1.38, 135.80 ± 2.41 and 

137.62 ± 4.52 J/g (average of 3 determinations) for untreated samples at the scanning 

speed of 2°, 10° and 20°C/min., respectively. More importantly, however, no additional 

peak was observed or no existing peak disappeared by increasing the scanning speed 

from 2° to 20°C/min. There was a trend, though, that a DSC curve of the reheated 

sample was wider when the scanning speed was slower. More extreme rates of heating 

may change the shape of DSC curves of these samples but may not be practical to use. 

High rates such as 20°C/min. resulted in a difficulty in obtaining a good baseline and 

hence higher coefficient of variation (CV) of AHf, e.g. 1.01, 1.77 and 3.28% CV at the 

scanning speed of 2°, 10° and 20°C/min. (untreated sample), respectively.

The heating rate of 2°C/min. was used in the previous chapter and no polymorphic 

transformation could be observed during heating. This was in accordance with the 

finding shown in Figure 3.3. However, it was by no mean conclusive that change did 

not occur during heating and hence caution must be taken in the interpretation of the 

results from DSC curves at this rate of scanning (2°C/min.).



Chapter 3... DSC Studies / 115

33 .3

reheated

^ u n trea ted  43 /01

A

Oc

2j=

3
■o

reheated

un trea ted  43 /01

A  41 .8

reheated

u n treated  43 /01

Temperature (°C)

Figure 3.3 The effect of scanning rates on the thermograms of gelucire 43/01. 
Top: 2°C/min., Middle: 10°C/min., Bottom: 20°C/min. All samples were heated 
from -20°C to 75°C to obtain the first thermogram (=untreated sample) and then 
cooled at the rate of 200°C/min. The samples were then reheated for another 
thermogram (labelled as reheated).
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Five to seven mg of sample were accurately weighed to 0.01 mg in DSC aluminium 

pan and gently crimped. The sample was then placed in a DSC sample furnace while 

an empty crimped aluminium pan was placed in a reference furnace. The temperature 

of the furnaces was brought to the starting temperature until the electrical signal on the 

computer screen, which reflected the heat flow, stabilised and the sample was scanned 

at a rate of 2°C/min according to the temperature programme indicated below. The

starting temperature was selected from preliminary studies so that a good flat baseline

could be obtained at least 10 degree before any transition temperature. All the DSC 

scans were performed in duplicate.

-20°C to 75°C for gelucire 43/01, 50/02

0°C to 75°C for gelucire 54/02, 50/13

18°C to 75°C for gelucire 55/18

2.4 Calculation of the Parameters Derived from DSC Curves

From the DSC thermograms, the following parameters could be calculated. All of 

these calculations were performed with the use of the software provided by Perkin-Elmer.

(1) The peak temperature can be obtained directly by dropping the vertical line 

from the peak to a temperature scale and the corresponding temperature taken as peak 

value. Temperature scale is in degree celsius (°C).

(2) Heat of transition: In this study, this was a heat of fusion (AHf) in a unit of 

J/g (Joule per gram) and can be obtained by integration of the area under a DSC curve.

(3) Solid Fat Content (SFC) at any temperature could be obtained by drawing 

a vertical line from the baseline at that temperature to meet the DSC curve and the area 

under the curve up to that line was calculated. A SFC value has no unit but will be 

presented in percentage.

2.5 Studies on the Effect of Method of Preparation and Ageing

This part of study was extended from those described in Chapter 2 in order to 

establish the thermal behaviour of gelucires. Samples were examined at 0, 14, 28, 60, 

112, and in some cases, 280 days after preparation. At 0, 60, and 112 or 280 days after
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preparation, the samples were also rescanned to obtain the second thermograms (= 

thermograms of the reheated samples). In this case the samples were subjected to the 

conditions described under "reheated sample".

2.6 Studies on the Maximum Temperature Used

Untreated samples were heated in a DSC sample cell from 30°C at 2°C/min. to 

various maximum temperatures and held at these maximum temperatures for 5, 10, 30 

and 60 minutes under the atmosphere of either air or nitrogen. The samples were then 

cooled down at 200°C/min. to 25°C and allowed to stand at room temperature for 2 hours 

outside the DSC before subjecting to DSC scanning as described in section 2.3. The 

maximum temperatures used for each gelucire were : 43/01 —> 50°, 60° and 75°C; 50/02 

and 50/13 —> 60° and 75°C; 54/02 and 55/18 > 65° and 75°C.

2.7 Tempering Study

Tempering studies were conducted on gelucire 43/01 and 55/18. B43/01 samples 

(in DSC pans) were annealed (or tempered) in an oven (TC 1900 Temperature Controller, 

ICI Australia) at 29°/30°C or 36°/37°C for 1 to 3 days while A55/18 and B55/18 samples 

were annealed at 36°/37°C, 42°/43°C or 51°/52°C for 1 to 7 days. The samples were 

then subjected to DSC scan as described under 2.3.

2.8 Effect of Moisture

The studies of the effect of moisture on the thermal behaviour of gelucires were 

conducted on E43/01, E50/02, E50/13 and E55/18. Approximate 5g of sample in the 

small glass bottles described under section 2.1 were kept under 0% or 80% relative 

humidity conditions (see section 2.2). Samples were crushed gently with a spatula to 

reduce the size of aggregates in order to increase the surface areas that exposed to 

moisture before storage. After storage for 7, 14, 28, 60, 90 and 220 days, the samples 

were subjected to DSC scan.
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2.9 Crystallisation Studies

Untreated samples were heated in the DSC sample cell from 30° to 75°C at 

3°C/min. to 75°C and held there for 60 minutes before cooling at a rate of 2°C/min and 

the DSC cooling curves were recorded. After 5 minutes equilibrium at the starting 

temperatures (section 2.3), the samples were then reheated according to the heating 

programme described under 2.3.

3. Results and Discussions

3.1 General Considerations

The DSC curves obtained from gelucire samples were usually broad and, in most 

cases, composed of more than one peak. This together with the difficulty in the 

interpretation of what these peaks actually represented (see this chapter. Introduction), it 

was considered more appropriate to use the whole DSC profiles for comparison purpose 

rather than using the peak temperatures.

Duplicate scans were made for each gelucire sample. The resulting thermograms 

were almost superimposible in all cases. Furthermore, the reproducibility of the scans 

was assessed in B43/01 and B55/18, which represented two completely different types 

of gelucire, ie. glycerides and PEG esters, respectively. Both had only one peak in their 

DSC curves hence facilitating statistical analysis of the results. The DSC curves of 

B43/01 and B55/18 can be found in Figure 3.4 (Top) and Figure 3.8 (Top). The results 

of the scan of 5 samples are printed in Table 3.1. The coefficient of variation (CV) of 

the measured peak temperature as well as the calculated AHj were low, e.g. 0.65% for 

peak temperatures and <1.5% for AHf, which indicated a good reproducibility of the DSC 

scans.
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Table 3.1 Reproducibility of DSC scans of gelucire 43/01 and 55/18.

Peak & AHf B43/01 B55/18

peak temperature (°C) 34.51, 34.32, 34.26, 
34.10, 33.92

53.67, 53.48, 53.20 
53.16, 52.99

mean ± SD (°C) 34.2 ± 0.22 53.3 ± 0.27

CV (%) 0.65 0.51

AHf (J/g) 121.01, 120.25, 118.94 
118.09, 117.32

134.24, 132.82, 132.82 
132.46, 131.83

mean ± SD (J/g) 119.1 ± 1.52 132.45 ± 1.25

CV (%) 1.28 0.94
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The presentation of the DSC curves in this work is in the form of a graph of 

temperature (°C, X-axis) versus heat flow (endothermie or exothermic, Y-axis). The peak 

temperature(s) are indicated wherever necessary in each figure. However, the heat flow 

(in milliwatt) is not indicated since it is not useful in its own right and can lead to 

confusion. The amount of heat flow depends on the nature and amount of material 

undergoing heating. Since the weight of the sample used in DSC scan varied from 5 to 

7mg, the comparison of heat flow between two samples with different weight can be 

misleading. Instead, AHf will be indicated wherever necessary.

3.2 Comparison of T^ from HSM and Temperature on a DSC Curve

Liversidge and colleagues (1981) were able to relate the melting point of the highest 

melting component of suppository bases under HSM to the temperature at the last peak 

maximum under DSC. These two temperatures agreed within ±1°C and were taken as 

the melting points of those bases. Some investigators, however, did not find such 

relationship (Grant et al, 1980; Fabregas, 1991). Grant et al (1980) suggested that since 

the sample for microscopy was small and highly magnified, individual crystals could be 

seen and these melted above the range of DSC transition. Thus, whereas DSC 

represented the statistical mean behaviour, HSM showed transitory effects which DSC 

did not record.

Values of T^ obtained from HSM in Chapter 2 and the temperatures at the last peak 

of gelucire samples are listed in Table 3.2 (from Table 2.2). It is obvious that the former 

are higher than the latter and no relationship between them can be claimed except for 

gelucire 55/18 in which both temperatures coincide. However, with the exception of 

gelucire 43/01 (A and C) and A55/18, the values of T^ appears to coincide with the 

temperatures that the endotherm in the DSC curves return to the baseline (Ty) as also 

shown in Table 3.2. The agreements of the value of T^ and \  are within 0.1° to 1.5°C.

The melting point of gelucire (which is rather a melting range) provided by the 

manufacturer in Table 1.1 is usually determined by the method based on open capillary 

techniques. These techniques are official in most pharmacopoeia and in the AOCS (The
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Table 3.2 A comparison between the values of obtained from HSM and 
from DSC thermograms and the temperature at the last peak maximum from DSC 
thermograms of gelucire samples.

Sample Tm (°C) \  (°C)
Temperature at 
the last peak 
maximum (°C)

A43/01 50.4 47.0 39.1

B43/01 47.7 46.9 34.2

C43/01 57.1 49.0 41.1

A50/02 49.8 49.6 46.9

B50/02 47.6 47.6 45.3

C50/02 60.4 58.9 51.6

A54/02 59.3 59.5 56.5

B54/02 55.9 57.1 56.5

C54/02 66.4 65.5 62.4

A55/18 51.7 57.2 53.3

B55/18 53.0 53.7 53.3

C55/18 55.3 55.5 54.9

A50/13 61.2 60.1 50.1

B50/13 59.1 58.2 55.0

C50/13 66.5 65.7 60.5

(1) A temperature at which crystals completely melt as seen on the Hot Stage Microscopy.
(2) A temperature at which an endotherm in a DSC thermogram returns to the baseline.



Chapter 3....DSC Studies /122

American Oil Chemists’ Society) and ASTM (The American Society of Test Method). 

Figure 3.4 to 3.8 (Bottom) illustrate the DSC curves of untreated gelucire samples. It can 

be seen that the temperatures at the last peak of these samples fall within the specified 

melting ranges.

3.3 Thermal Behaviour of Gelucires Prepared by Different Methods

Figure 3.4, 3.5, 3.6, 3.7 and 3.8 respectively illustrate the DSC curves of gelucire 

43/01, 54/02, 50/02, 50/13 and 55/18 prepared by various methods. Table 3.3 shows the 

calculated values of AHf of these samples. The DSC curves and AHf values of untreated 

samples are also provided. In spite of the complexity of the thermograms, it is apparent 

that the DSC curves of samples prepared by various methods are different. These results 

can be summarised as following.

(1) The values of AHf of slowly cooled samples (A) were always higher than 

those of fast cooled and ambiently cooled samples (B and E) but AHf values of A, B and 

E samples were lower than those of untreated samples (see Table 3.3).

(2) The values of AHf of samples crystallised from chloroform were higher than 

those of samples crystallised from the melts, ie. A, B and E samples (Table 3.3). The 

exception was 43/01, in which A and C samples had approximately equal AHf values.

(3) Either the values of T  ̂or T at the last peak of slowly cooled samples were 

higher than those of fast cooled samples (Table 3.2) and again less than those of 

untreated samples (Figure 3.4 to 3.8).

(4) The value of Ty and T at the last peak of samples crystallised from 

chloroform were again higher than those of samples crystallised from the melts (Table

3.2 and Figure 3.4 to 3.6).

(5) AHf of ambiently cooled samples (E) were close or equal to those of fast 

cooled samples (B) (Table 3.3).

In general, the results (1) to (4) were in good agreement and supportive with what 

had been found in Chapter 2. The stable polymorphs have higher values of AHf than the 

metastable ones, for example, AHf values of of B > B' > a  for triglycerides (Garti and



Chapter S... DSC Studies / 123

3 4 .2

39 .1

'30 .3

B43/01
2 4 .2

A43/Q1

A
34 .8

Oc

S
U
Ê
«

E43/01

peak -  38 .0

34 .3

41 .1
29 .5

C43/0144.

un trea ted  4 3 /01

Temperature (°C)

Figure 3.4 DSC thermograms of gelucire 43/01 prepared by different methods.
Top: slow (A) and fast (B) cooling, Middle: ambient cooling (E), Bottom: solvent
crystallisation (C) and untreated.
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Figure 3.5 DSC thermograms of gelucire 54/02 prepared by different methods.
Top: slow (A) and fast (B) cooling. Middle: ambient cooling (E), Bottom: solvent
crystallisation (C) and untreated.
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Figure 3.6 DSC thermograms of gelucire 50/02 prepared by different methods.
Top: slow (A) and fast (B) cooling, Middle: ambient cooling (E), Bottom: solvent
crystallisation (C) and untreated.
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Figure 3.7 DSC thermograms of gelucire 50/13 prepared by different methods.
Top: slow (A) and fast (B) cooling, Middle: ambient cooling (E), Bottom: solvent
crystallisation (C) and untreated.
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Figure 3.8 DSC thermograms of gelucire 55/18 prepared by different methods.
Top: slow (A) and fast (B) cooling, Middle: ambient cooling (E), Bottom: solvent
crystallisation (C) and untreated.
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Table 3.3 AHf values (J/g) of gelucires prepared by different methods.

Gelucire
Method of Preparation

A B C E untreated

43/01 128.2 119.1 128.5 117.1 137.1

50/02 118.3 105.6 125.3 107.1 123.5

54/02 133.5 121.5 170.2 125.1 155.0

50/13 135.2 123.6 142.5 127.8 147.3

55/18 146.8 132.5 156.8 138.6 159.2
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Sato, 1988). Fast cooling resulted in high proportion of crystals being in metastable forms 

and hence a low AHf value. Slow cooling allowed higher melting point forms to be 

crystallised. On the other hand, the stable forms crystallised from chloroform (samples 

C) had higher AHf values than those crystallised from the melts (A, B and E). These 

explanations are obviously oversimplified and cannot be extended to gelucire 55/18, in 

which no polymorphism has been previously found. The specific discussion on each 

gelucire will be given later.

Upon storage of A and B samples, changes in the shape of the DSC curves or the 

movement of peaks and the increase in the values of AHf may be expected. On the other 

hand, changes may or may not occur in C samples depending on the level of metastable 

forms in the samples. Theoretically, in pure simple triglycerides, (see Diagram 1 in 

Chapter 1) only the stable polymorphic form(s) crystallised from solvent. This was 

certainly not the case as seen in C43/01. The value of AHf of C43/01 was less than 

untreated sample (Table 3.3), therefore an increase in AHf value was expected. Following 

the thermal behaviour of these bases would then provide some more information on their 

polymorphic behaviour.

Figure 3.9 (a) and (b) illustrate the DSC thermograms of samples crystallised from 

chloroform after ageing at various periods of time up to 112 days. Table 3.4 provides 

the AHf values of these samples. C43/01 underwent dramatic changes as reflected by the 

shape of the DSC curves and an increase in AHf value (Figure 3.9 (a) Top and Middle 

and Table 3.4). These changes were also apparent in C50/02 (Figure 3.9(b) Top). No 

major changes were observed in other gelucires, e.g. C54/02, C50/13 and C55/18, 

although C50/13 showed a minor increase in the value of AHf (Table 3.4).

Figure 3.10, 3.13, 3.16, 3.17, 3.21 and 3.23 illustrate the thermal behaviour of slowly 

cooled and fast cooled gelucire samples after ageing for different periods of time up to 

280 days. Table 3.4 provides AHf values of these samples. Generally, as expected, there 

were considerable changes in DSC curves of these samples together with the increase in 

the values of AHf. A separated discussion for each gelucire is provided below.
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Figure 3.9 (a) Effect of ageing on the DSC thermograms of gelucire 
samples crystallised from chloroform (C samples). See also Figure 3.9 b.
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Figure 3.9 (b) Effect of ageing on the DSC thermograms of gelucire 
samples crystallised from chloroform (C samples). See also Figure 3.9 a.
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Table 3.4 AHf values (J/g) of various gelucire samples during storage up to 280 days.

Sample
Storage time (days)

0 14 60 112 280

A43/01 128.2 127.5 132.5 131.8 137.4

B43/01 118.9 125.7 134.7 133.9 134.6

C43/01 128.5 130.4 132.7 139.2 -

A50/02 118.3 123.9 134.1 133.1 133.3

B50/02 105.6 123.9 130.9 132.9 134.4

C50/02 125.3 131.1 134.7 134.2 -

A54/02 133.5 136.1 142.2 139.2 151.4

B54/02 121.5 134.5 135.3 136.7 149.7

C54/02 170.2 169.1 169.9 172.1 -

A55/18 146.8 150.0 149.0 147.9 148.5

B55/18 132.5 138.4 140.9 147.5 146.0

C55/18 156.8 156.0 155.7 159.0 -

A50/13 135.2 141.9 144.9 142.2

B50/13 123.6 141.9 139.0 143.3 143.4

C50/13 142.5 141.8 146.5 148.3 -
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3.3 Thermal Behaviour of Gelucire 43/01, 50/02 and 54/02

3.3.1 Gelucires 54/02

DSC curves of C54/02 showed 3 peaks at 50.7°, 56.0° and 62.4°C (Figure 3.9 (a) 

Bottom) but it was unlikely that these peaks represented its components, ie. tri-, di- and 

monoglycerides. Since the melting points of C16-C18 diglycerides (54/02 contains C16, 

C l8) are between 72° to 78°C, some forms of solid dispersions are almost certainly 

present. To aid discussion, the three peaks in C54/02 are assumed to represent LMF (low 

melting fraction), MMF (middle melting fraction) and HMF (high melting fraction) in 

order of increasing melting ranges. Each fraction can be said to melt independently and 

exist stablely on its own since the DSC curve of C sample did not change much even 

after 112 days of storage.

The untreated and the aged A and B54/02 samples (Figure 3.10 Bottom) also 

revealed LMF, MMF and HMF patterns although the peak temperature of MMF and 

HMF (53.9°, 60°-61°C) were a few degrees lower in these samples than in C54/02. This 

was presumably due to two reasons: Firstly, since the value of AHf of C was higher than 

that of the untreated and the aged A and B samples (-10% higher. Table 3.4), the 

polymorphic transition in the untreated and the aged sample was not completed. 

Secondly and more importantly, the solvent crystallisation led to an unavoidable 

fractionating effect, which separated the high melting point from low melting point 

glycerides. In contrast, some of the low melting point glycerides (found in LMF of C 

sample) were incorporated into crystals of higher melting point glycerides (found in 

MMF and HMF of C sample) in the untreated and aged A and B samples, e.g. forming 

solid solutions, thus lowering MMF and HMF melting ranges. The fractionating 

phenomena was also demonstrated by many investigators (Timms, 1980; Schlichter and 

Garti, 1988).

A Solid Fat Content graphs of C (higher AHf value) and the untreated (lower AHf

value) samples in Figure 3.11 firmly supports the fractional crystallisation. It is clear that

C sample had a higher percentage of both LMF, (solids that melted at temperature < 50°-
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Figure 3.10 DSC thermograms of slowly cooled (A) and fast cooled (B) gelucire 
54/02 after ageing for different periods of time.
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Figure 3.11 Solid Fat Content as a function of temperature of untreated 
gelucire 54/02 and 54/02 crystallised from chloroform. Keys : ■  untreated sample, 
^ sample crystallised from chloroform. The vertical broken lines indicate the 
temperature at which glycerides in 54/02 were divided into HMF, MMF and LMF 
(high, middle and low melting fraction, respectively).
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51°C) and HMF (SFC at > 58-60°C) than untreated samples. The disappearance of 

certain part of LMF from the untreated samples indicated that they were incorporated into 

MMF or HMF, e.g. forming solid solutions.

From Figure 3.10, the absence of HMF peak indicated that HMF in its stable forms, 

did not crystallised from the melt (both A and B). From the AHf values and peak 

temperatures, presumably only LMF, MMF (stable and metastable forms) and metastable 

form of HMF crystallised from the melts. Slow cooling resulted in a clear segregation 

of crystals of low and high melting point (two separated peaks in Figure 3.10 Top). 

From DSC curves of A and B samples, SFC graphs were constructed as shown in Figure 

3.12.

It can be seen from Figure 3.12 that A-sample had a higher percentage of solid 

melting around 50-51°C than B-sample. The disappearance of these low melting 

glycerides from B-samples could be related to either (1) most of them were in metastable 

polymorphic forms (and thus lower melting range) or (2) the wider extent of solid 

solution formation in B-samples. Both might be responsible since if only (1) was true 

the SFC graphs in Figure 3.12 should show lower solid contents of sample B than in A 

at temperatures lower than 50°-51°C, which was not the case (they were equal).

Upon ageing, polymorphic transformation in each fraction (LMF, MMF) occurred 

in both A and B samples and also HMF developed (Figure 3.10). As a consequence, new 

phases, e.g. solid solution, might develop hence appearance or disappearance of DSC 

peaks. DSC curves (Figure 3.10 Bottom) and SFC graphs (Figure 3.12) of 280 days aged 

A and B samples were quite similar though not superimposed. They were also similar 

to those of untreated samples. At the same time, the AHf values, which are the indication 

of polymorphic status of these samples, were the same (Table 3.4).

Gelucire 54/02 was the only base studied whose AHf value of C-sample was higher 

than untreated samples and 280 days aged A and B samples (Table 3.4). Evidence above 

suggested that the formation of solid solutions, in which LMF was incorporated into 

MMF and HMF, probably inhibited or delayed polymorphic transition. Since 54/02
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Figure 3.12 Solid Fat Content as a function of temperature of the slowly cooled 
and the fast cooled samples of gelucire 54/02. Keys : ■  slowly cooled sample at 
0 day (A sample), ^ fast cooled sample at 0 day (B sample). The broken line 
represents the SFC plot of both samples after ageing for 280 days.
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contains di- and monoglycerides which are known to stabilise polymorphic transformation 

of triglycerides (see Chapter 1), they may show such effect in gelucire 54/02.

LMF can be related to crystals that melt below 52°C (no name) in Table 2.3 while 

MMF and HMF cannot be related to particular morphologies. However, Form I (Plate 

7) is likely to be in MMF and Form II, III and IV are in both MMF and HMF (Plate 8, 

9, 10). It should not be thought that LMF, MMF or HMF are of any particular pure 

components. They are mixture of glycerides with similar properties, thus crystallise at 

nearly the same conditions, e.g. same temperature or same degree of supercooling, and 

thus melt independently. In practise, it may or may not be possible to separate them 

depending on the technique used and how close their properties are. Their existence here 

is purely for the purpose of discussion.

3.3.2 Gelucire 50/02

The thermal behaviour of gelucire 50/02 was similar to that of 54/02 and the 

discussion above can be applied. Figure 3.6 (Bottom) compares the DSC curves of 

untreated and C samples and Figure 3.13 shows the DSC curves of A and B samples at 

various periods of time during storage . Despite their AHf values being equal, the 

temperature at the last peak of C was 5 degrees higher than that of the untreated sample 

(and the aged A and B samples). This clearly demonstrated the fractionating effect of 

solvent crystallisation and in turn the extent of solid solution formation in sample 

crystallised from the melt.

Figure 3.14 shows the SFC graphs of untreated and C50/02 sample. The division 

into VLMF (very low melting fraction), LMF, MMF and HMF was based on the DSC 

curve of C sample aged for 112 days (Figure 3.9 (b) Top). Figure 3.15 shows SFC 

graphs of A and B samples. The results and thus the discussion and conclusion in 54/02 

can be applied here and therefore will not be repeated. It should be noticed that although 

AHf values of aged A and B samples (at 280 days; Table 3.4) and untreated sample were 

equal, their DSC curves were slightly different (Figure 3.13 Bottom).
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Figure 3.13 DSC thermograms of slowly cooled (A) and fast cooled (B) gelucire 
50/02 after ageing for different periods of time.
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Figure 3.14 Solid Fat Content as a function of temperature of untreated gelucire 
50/02 and 50/02 crystallised from chloroform. Keys : ■  untreated sample, ^ 
sample crystallised from chloroform. The vertical broken lines indicate the 
temperature at which the components in 50/02 were divided into HMF, MMF, LMF 
and VLMF (high, middle, low and very low melting fraction, respectively).
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Figure 3.15 Solid Fat Content as a function of temperature of the slowly cooled 
and the fast cooled samples of gelucire 50/02. Keys : ■  slowly cooled sample at 
0 day (A sample), ^ fast cooled sample at 0 day (B sample). SFC graphs of both 
samples after ageing for 280 days were similar though not superimposed. For 
clarity, only SFC graph of aged B sample was reproduced (broken line).
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3.3.3 Gelucire 43/01

Figure 3.9 (a) (Top and Middle), 3.16 and 3.17 respectively show the thermal 

behaviour of C43/01, A43/01 and B43/01 after ageing for various periods of time. The 

SFC graphs of A43/01 and B43/01 are shown in Figure 3.18. The segregation of the low 

and the high melting point triglycerides, ie. fractional crystallisation, caused by solvent 

crystallisation (Figure 3.9 (a)) or slow cooling of the melt (Figure 3.16 Top) were also 

apparent in gelucire 43/01 as evidence by a few separated peaks. On the other hand, fast 

cooling of the melt resulted in homogeneous mass, in which the high and the low melting 

point triglycerides forming solid solutions (Figure 3.17 Top). These implications were 

again firmly supported by the SFC graphs in Figure 3.18 (see 54/02 for discussion).

It is clear, however, that the thermograms of the aged samples including C43/01 

changed dramatically after storage (Figure 3.9 (a), 3.16, 3.17). Samples were more 

homogeneous after ageing, ie. revealing less fewer peaks but sharper peaks. Change of 

DSC peaks in A and C-sample occurred very slowly in comparison with B-sample. The 

slow rate of changes probably indicated the extent of segregation of the low and the high 

melting point triglycerides in A and C samples, which made it more difficult for them 

to recombine. Nonetheless, changes were found in all samples including C43/01, which 

were not found in C54/02 and only to a lesser extent in C50/02.

Gelucire 43/01 is composed of triglycerides with fatty acid chain length from C8 to 

C18 (see Table 2.1). Since all of the components are triglycerides, their properties are 

very similar. It can be expected therefore that they require very similar crystallisation 

conditions, which makes it difficult for fractional crystallisation to be as extensive as seen 

in 54/02 and 50/02. Furthermore from SFC graphs, it can be seen that certain amount 

(=10%) of 43/01 is in liquid phase at room temperature. It was postulated that the 

presence of liquid fat increases the plasticity of the fat and provides greater mobility of 

the molecules within the crystal structure (Lovegren et al, 1976). This may enhance the 

recombination of those triglycerides once they had been separated by A and C methods. 

By prolonging the time of crystallisation, however, it should be possible to separate these
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Figure 3.16 DSC thermograms of slowly cooled gelucire 43/01 (A43/01) after 
ageing for different periods of time. Only minor changes occurred after the first 30 
days of storage but more dramatical changes could be seen after 112 days.
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Figure 3.17 DSC thermograms of fast cooled gelucire 43/01 (B43/01) after ageing 
for different periods of time. Changes were obvious within 14 days of ageing. After 
280 days of ageing, the thermograms of both A and B samples were similar to that 
of untreated sample.
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Figure 3.18 Solid Fat Content as a function of temperature of gelucire 43/01. 
Keys : ■  slowly cooled sample (0 day), ^ fast cooled sample (0 day), broken line 
= untreated sample.
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triglycerides. The tempering experiment was then conducted and the results presented 

below.

The tempered samples were achieved by tempering either B43/01 or molten gelucire, 

which was previously heated to 75°C for 1 hour, at 36°-37°C for 1 to 3 days. The 

tempered samples produced from both methods gave the same DSC curve, which was 

shown in Figure 3.19 (Middle). Three separated peaks similar to those of C43/01 were 

observed though the peak temperatures were slightly higher in the tempered samples. 

Figure 3.19 (Bottom) also illustrates the DSC curve of 150 days aged sample which had 

been previously tempered at 37°C for 1 day. It is obvious that the sample still retained 

its three separated peaks in a DSC curve indicating a segregation of 43/01 into at least 

three phases with different melting points. An additional peak at 45°C was also 

observed.

The above evidence demonstrated that different fractions (the so-called LMF, MMF, 

HMF) could be separately crystallised under appropriate conditions. Method A, B, C, 

and E resulted in extensive solid solution formation (B and E) or incomplete segregated 

phases (A and C). The cooling rate used in method A was simply not slow enough to 

prevent them co-crystallising. Tempering of the samples at 37°C was fundamentally a 

prolonged crystallisation since about 60% of fat would have melted at this temperature 

(see SFC graph in Figure 3.18). The only fat fraction crystallised at 37°C was HMF 

(peak 42.6°C and stable), which under normal cooling conditions formed solid solutions 

with lower melting point fractions. The lower melting point fractions, e.g. LMF, MMF, 

could not crystallised at 37°C and were thus physically separated from HMF. After the 

tempering process, LMF and MMF crystallised but were not able to recombine with 

HMF even after 150 days of storage.

Tempering of B43/01 sample was also performed at 29°-30°C and the resulted DSC 

curves shown in Figure 3.20. At 30°C only 20% of fat was in molten state (see SFC plot 

Figure 3.18) and tempering at this temperature could not separated HMF (peak = 42.6°C) 

and MMF (peak = 33-35°C) since both of them had already co-crystallised (peak at 

38.8°C). The shape and the peak temperature of DSC curves of the tempered samples
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Figure 3.19 Effect of tempering at 36°C to 37°C on the DSC thermograms of 
gelucire 43/01. Top : sample (B43/01) before tempering. Middle : sample after 
tempering at 37°C for 1 or 3 days, Bottom : sample tempered at 37°C for 1 day after 
ageing for 150 days.
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Figure 3.20 Effect of tempering at 29°C to 30°C on the DSC thermograms of 
gelucire 43/01. Top : sample (B43/01) before tempering, Bottom : tempered 
samples.
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were similar to those of aged A and B samples (Figure 3.17). Therefore, tempering may 

accelerate the ageing process toward equilibrium through the role of the liquid fats 

suggested earlier. In addition, tempering may also allow the crystallisation of the stable 

polymorphs (see 3.3.4 in Chapter 1) thus accelerating the ageing process.

3.3.4 Reheated gelucire samples

Up to this point, it has been shown that the cooling rate significantly affected the 

thermal behaviour of the samples. Samples A, B and E had different thermal behaviours 

because they were cooled differently. It is then interesting to examine the thermal 

behaviour of samples with different thermal history, e.g. sample A, B, E, C and untreated 

which were melted and.then cooled under the same conditions. Therefore, the DSC 

investigation of the reheated samples (see definition of reheated samples under 2.1 this 

chapter) was conducted. The results were presented in Figure 3.21 as DSC curves of 

reheated samples and Table 3.5 which shows the AHf values of these samples.

The DSC curves of reheated samples, whether their origins were A, B, C, E or 

untreated, aged or freshly prepared samples, were always the same as ones shown in 

Figure 3.21 for each gelucire (curves with broken line). Their AHf values were also 

equal, as seen in Table 3.5. It is obvious that the cooling rate used (200°C/min.) dictated 

the thermal behaviour of the samples obtained regardless of their previous thermal 

history. It was also found that the DSC curves of reheated samples were very similar to 

those of B samples (figure 3.21). This was probably because the cooling rates used to 

produce both samples were very fast.

The other implication derived from the investigation on reheated samples is that 

these gelucires are reasonably stable. When the samples kept for 280 days were reheated, 

the subsequent solid obtained had the same thermal properties as those obtained from 

remelted fresh samples. Furthermore, samples melted once (C and untreated) or twice 

(A, B and E) behaved the same way when they were solidified.
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Figure 3.21 DSC thermograms of reheated gelucire 43/01, 50/02 and 54/02. Their 
thermograms are very similar to those of the fast cooled (B) samples which are also 
provided (in solid line) for comparison.
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Table 3.5 AHf values (J/g) of reheated gelucires 43/01, 50/02 and 54/02 
produced from samples with different thermal history.

Thermal history 
of sample

Gelucire

43/01 50/02 54/02

A (280 days) 120.8 104.3 122.2

B (0 day) 122.3 101.4 122.7

B (280 days) 120.0 102.9 126.1

C (0 day) 122.9 101.8 123.9

C (112 days) 121.5 100.9 123.6

E (0 day) 120.9 102.5 124.4

untreated 121.6 100.8 124.1
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3.3.5 Crystallisation studies

Figure 3.22 shows the crystallisation thermograms of gelucire 43/01, 50/02 and 

54/02. The subsequence DSC heating curves of the solidified samples are also presented 

in Figure 3.22. Even at a cooling rate of 2°C/min., the fractional crystallisation was 

apparent from the cooling curves of all gelucires studied. This supported the claim made 

earlier that at slow cooling rate, glycerides similar in melting range tended to crystallise 

together resulting in a segregation of fat into fractions while fast cooling produced fats 

with mixed crystals.

3.4 Thermal Behaviour of Gelucire 55/18 and 50/13

3.4.1 Gelucire 55/18

Gelucire 55/18 is PEG esters of fatty acids. From hot stage microscopic study in 

Chapter 2, the polymorphic behaviour of 55/18 has not been observed and yet the thermal 

behaviour, e.g. DSC curves, AHf values, of samples produced from different methods 

were different (Figure 3.8 and Table 3.3) as discussed in 3.2.

Gelucire 55/18 is manufactured by a direct estérification reaction between fatty acids 

and PEG 6000. The molecule consists of PEG backbone (MW = 6000) and one or two 

fatty acid end groups (MW = 300) depending on whether one or two hydroxyl end 

groups of PEGs have been esterified. It is reasonable to expect that PEG esters retain 

many of the PEG backbone properties since the end groups are relatively small in 

comparison with the backbone. For example, as seen in Chapter 2 they crystallised in 

spherulitic pattern, they are soluble in water and organic solvent, e.g. chloroform.

PEGs consist of both amorphous and crystalline regions in varying proportions 

according to their previous thermal history (Chatham, 1985; Craig, 1988; Craig and 

Newton, 1991). In crystalline state, PEG chains form plate-like structure (a lamellae) 

with the chain end rejected onto the surface layer. Hydrogen bondings between OH 

groups of the chain ends on the surface of the lamellae contribute to the stability of
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Figure 3.22 DSC cooling curves of gelucire 43/01, 50/02 and 54/02. The cooling 
rate used was 2°C/min. The subsequent DSC heating curves of the solidified 
samples are also shown (in solid line).
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PEGs. In the lamellae, polymer chains are either fully extended (stable) or folded 

(metastable). Conversion to the fully extended form through chain unfolding and 

lamellae thickening will occur under suitable conditions.

From above knowledge about PEGs, it can be expected that 55/18 should have lower 

melting range than PEG 6000 (= 55°-63°C) because of OH-substitution. Craig and 

Newton (1991) found that PEG 6000 cooled at different rates had different melting points 

(peak temperature from DSC curve) and AHf values and both were lower than the 

original (untreated) samples. It can also be envisaged that the unfolding of the PEGs 

chain might be somewhat more difficult for PEG esters since this must involve the 

movement of the relatively bulky chain ends through the PEG regions.

Gelucire 55/18 crystallised from the melts at different cooling rates, e.g. samples A, 

B and E, had the same melting point (= 53.5°C ; lower than that of PEG 6000), which 

was lower than that of untreated and C sample (Table 3.3). However, the AHf values of 

samples B and E were smaller than that of A sample. Fast cooling of the melt may 

result in larger proportion of amorphous regions in B sample and hence low AHf value. 

The DSC curve of A-sample (Figure 3.23 Top) revealed a low temperature shoulder 

before melting peak, which could be related to isotropic droplets observed in this sample 

in Chapter 2 (Plate 24). These isotropic droplets may become crystalline solid in a DSC 

pan since the scan began at 18°C and possibly corresponded to one of the crystal forms 

with the folded PEG chain.

The untreated sample had 2 peaks at 55.9° and =52°C and a low temperature 

shoulder peak at =46°C (Figure 3.8 or 3.24 Top). It had the highest melting point among 

the 55/18 samples studied. If it was assumed that a peak at > 55.9°C represented the 

form with extended PEG chains, it would follow that A and B samples did not crystallise 

from the melt in this form but the form with folded chains (peak « 52° to 53°C). A peak 

at =46° in the untreated sample (= shoulder in A sample) would represent yet another 

folded chain crystals. If this was the case, unfolding of the PEG chains with an increase 

in the peak temperature and value of AHf would be expected on ageing.
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Figure 3.23 DSC thermograms of slowly cooled (A) and fast cooled (B) gelucire 
55/18 after ageing for different periods of time.
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Figure 3.24 Effect of tempering at 52°C on the thermograms of gelucire 55/18. 
Top : the thermograms of untreated sample and the subsequent reheated sample, 
Middle : sample (B55/18) before and after tempering at 52°C for 7 days. Bottom: 
samples (A and B) after tempering at 52°C for 7 days (enlarged scale).
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Figure 3.23 shows DSC curves of A and B samples after ageing. At 112 days B 

samples developed a low temperature shoulder 44°C) before the melting peak and its 

AHf value increased to be equal to that of A sample (Table 3.4). No change was 

observed in the A sample except for that the shoulder became more apparent. Dendritic 

structures (isotropic droplets, Plate 27 in Chapter 2) found in aged A and B samples 

might be responsible for these low temperature shoulders. These dendrites were perhaps 

crystals with folded PEG chains. They may develop from amorphous regions in B 

samples or from uncrystallised melts in A and B samples during ageing. This 

interpretation seems to fit the definition of dendrites, which are crystals that grow under 

unusual conditions (Buckley, 1960).

Surprisingly, the peak temperatures of 280 days aged A and B samples not only not 

increased as expected but slightly decreased (Figure 3.23 Bottom). Their DSC curves 

were also broader. Although these changes can be attributed to the forming of eutectic 

between lower and the higher melting point forms (folded and extended crystals), it will 

be shown later that these changes were, in fact, induced by the effect of moisture. It 

should be emphasised here that the samples were aged in crimped DSC pans (see also 

storage conditions in 2.2).

If the assumption about the existence of different forms of 55/18 are correct, the 

absence of unfolding of PEG chains during ageing indicated that the conditions were not 

suitable for it to occur. It was pointed out earlier that unfolding of the chain must 

involve the movement of bulky fatty acid chain ends through PEG regions, which 

probably requires a considerable amount of energy. Tempering experiments were then 

conducted to set the right condition for unfolding of the chain to occur.

Figure 3.24 illustrates the results from the tempering of A and B55/18 samples at 

52°C for 7 days. DSC curves of the tempered samples showed 2 endothermie peaks 

around 46°-47°C and 55°C and an exothermic peak near 30°C. The two endothermie 

peaks were coincident with the two peaks on the DSC curve of untreated samples (also 

in Figure 3.24) which represented the extended and the folded chain crystals. This 

demonstrated that the unfolding of the PEG chains, which led to the shift of the DSC
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main peak to 55°C, could occur under the right condition. Tempering of samples at 37°C 

and 43°C for up to 7 days or at 52°C for 2 days did not lead to any changes in the DSC 

curves.

Although C55/18 had lower peak temperature than an untreated sample (Figure 3.8), 

the difference was only 1°C and their AHf values were equal (Table 3.3). This implied 

that they were in the same crystal form. The different in their melting points could be 

due to the crystal defect in C sample which arose from different solubility of PEG chains 

and fatty acid chain ends in chloroform and thus both preferred different crystallisation 

conditions. The thermogram of C sample and its AHf value did not change after ageing 

for 112 days (Figure 3.9 (b) and Table 3.4).

It can be argued that the results described in this section were a result of the 

excessive heating used that caused instability of the base. Later it will be found that this 

is unlikely since the same DSC curve were obtained whether the base was heated for 5 

or 60 minutes at 65° or 75°C. Besides the tempering experiment firmly supported the 

assumption about different crystal forms in 55/18. Nonetheless, degradation of 55/18 

upon ageing cannot be ruled out (see later in Chapter 4).

3.4.2 Gelucire 50/13

Because of the number of substances presented in gelucire 50/13 (Table 2.1). e.g. 

glycerides, PEG-1500 mono- and diesters of fatty acids, free PEGs, its thermal behaviour 

can be extremely complex. However, it was found that 50/13 shared all the common 

properties featured in other gelucires studied. These included

(1) Samples prepared from different methods had different thermal behaviours, 

e.g. DSC profiles, AHf values (Figure 3.7 and Table 3.3)

(2) Slowly cooled sample had higher AHf value than that of fast cooled samples 

but the AHf values of both samples were less than those of samples crystallised from 

chloroform and the untreated sample (Table 3.3)

(3) Ageing of A and B samples finally led to samples with equal AHf values 

which were also equal to that of C or untreated sample or both (Table 3.4).
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Polymorphism and the forming of different solid solutions (or segregation) of 

samples prepared by different methods were responsible for the difference in the AHf 

values and the shape of DSC curves as previously shown in other gelucires. Polymorphic 

transformation occurred during storage and samples were in the same polymorphs after 

storage for some times hence their equal AHf values.

In 50/13 (and, perhaps to a lesser extent, in 50/02; Figure 3.13), but not in other 

gelucires, the thermograms of 280 days aged slowly cooled and fast cooled samples were 

apparently different (Figure 3.25). This can be explained by the segregation of various 

fractions within 50/13 caused by cooling of the melt. The number of fractions formed 

and their properties depended on the cooling rate. Since 50/13 contain various 

components with quite different properties when these components separated or formed 

new solid solutions the original equilibrium (seen in untreated sample) could not be easily 

obtained. In other words, unlike in 43/01 and 54/02, the segregation occurred in 50/13 

when slowly cooled from the melt was almost complete, therefore recombination was 

difficult unless the base was remelted (see 3.4.4 below).

Although others gelucire (43/01, 54/02) are composed of various components, those 

components relate more closely to each other than in 50/13 since all of them are 

glycerides. The high degree of segregation found in 50/13 was seen to a lesser extent 

in 50/02 since it contains only 20% of PEG esters. It is interesting to note that molten 

50/13 did not homogeneously mix with molten 43/01 or 54/02 but formed 2 separated 

phases. This indicated the limitation of solubility between glycerides and PEG esters.

3.4.3 Crystallisation studies

Figure 3.26 shows the cooling DSC curves (broken lines) of gelucire 50/13 and 

55/18 cooled at 2°C/min. The subsequent heating DSC curves of the solidified samples 

are also presented. Both crystallisation curves showed a considerable degree of 

supercooling (= 15°C) of the melts before solidification (the main peak) occurred. It is 

not surprising therefore that uncrystallised melts were found (see Chapter 2) in these
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Figure 3.25 DSC thermograms of slowly cooled (A) and fast cooled (B) gelucire 
50/13 after ageing for different periods of time. The thermograms of A and B 
samples were still different after ageing for 280 days and both of them were 
different from that of the untreated sample.
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Figure 3.26 DSC cooling curves of gelucire 50/13 and 55/18. The cooling rate 
used was 2°C/min. The subsequent heating DSC curves of the solidified samples 
are also shown (in solid line).



Chapter 3....DSC Studies /162

samples since a large degree of supercooling could be maintained. It should be noticed 

that glycerides (Figure 3.22) did not show such a degree of supercooling.

Even at the cooling rate of 2°C/min., the crystallisation curve of 55/18 was not sharp 

but consisted of a shoulder. Segregation could be clearly seen on the crystallisation of 

50/13 (Figure 3.26 Top). It was likely to be the segregation of glyceride fractions from 

mainly PEG esters fractions since both required very different crystallisation conditions. 

In addition, the main crystallisation peak of 50/13 had a few peaklets and occurred 

below 30°C in accordance with what had been seen on the HSM.

Notice should also be paid to the main peak (42,7°C) on a subsequent heating curve 

of the solidified 50/13 sample (Figure 3.26 Top). It was the same temperature as the 

peak of A-sample (Figure 3.25 Top), which indicated that the cooling rate between 0.15°- 

2°C/min. would produce this peak (and in turn the corresponding fraction of crystals) 

which was not obtained from fast cooling (main peak = 45°C, Figure 3.25).

3.4.4 Reheated gelucire samples

The thermograms of reheated 50/13 and 55/18 samples are shown in Figure 3.27. 

Their AHf values are listed in Table 3.6. The reheated samples which were prepared 

from the 280 days aged samples were not included, since it was suspected that these 

samples were affected by moisture (see later).

The results and conclusions found here were the same as those in the studies of 

reheated 43/01, 50/02 and 54/02 samples. Whatever the thermal history of the sample, 

once it was reheated and re-solidified, its thermal behaviour was dictated by the cooling 

rate (see 3.3.4 for details). The results also implied that the bases were reasonably stable.

Particular attention should also be paid to the thermogram of reheated A50/13 

(Figure 3.27 Middle). Remelting of A50/13 samples shifted the DSC main peak from 

42.9°C to 44.5°C, which was a main peak temperature of B sample. This again 

confirmed that the peak at 42.9°C was responsible for some kind of solid solution formed
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Figure 3.27 DSC thermograms of reheated gelucire 50/13 and 55/18. Top : 
Reheated 50/13 sample compares to B50/13, Middle : Reheated A50/13 sample 
compares to A50/13, Bottom : Reheated 55/18 compares to B55/18.
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Table 3.6 AHf values (J/g) of reheated gelucires 50/13 and 55/18 produced from 
samples with different thermal history.

Thermal history 
of sample

Gelucire

50/13 55/18

A (0 day) 121.1 136.1

A (112 days) 120.6 136.8

B (0 day) 121.6 136.7

B (112 days) 119.7 138.1

C (0 day) 120.0 138.6

C (112 days) 119.4 139.9

E (0 day) 120.4 138.4

untreated 120.9 139.7
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when 50/13 was slowly cooled from the melt and was broken by remelting. Subsequent 

solidification led to formation of the new solid fraction(s) and this was controlled by the 

cooling rate used.

It was also found that the thermograms of reheated 50/13 differed from that of 

B50/13. This finding emphasised the importance of cooling rate on the crystallisation 

of gelucire 50/13. In gelucires whose main components are glycerides (43/01, 50/02, 

54/02) it was found that the thermograms of reheated samples were very similar to that 

of B-sample since the cooling rates used in both samples were very fast.

3.5 Effect of Maximum Temperature Used and Time in the Molten State

Glycerides are known to show "memory effect" (see Chapter 1 section 3.3.2). As 

a result, different crystallisation and thermal behaviour of fats may be observed. An 

investigation was made to determine the extent in which the so called memory effect had 

on the thermal behaviour of gelucire bases. Details of the experiment can be found under

2.6 of this chapter. The heating was done under either nitrogen or air (by turning off 

nitrogen purge gas) in order to rule out the effect of oxidation. Untreated gelucires were 

used since they had the highest melting points and thus were the samples most likely to 

have "memory", if any were to be found.

It was found that the DSC curves of samples prepared under 2.6 were similar to the 

corresponding curves for "reheated samples" (Figure 3.21 for 43/01, 50/02 and 54/02 and 

Figure 3.27 for 55/18 and 50/13). The exceptions were those of gelucire 43/01 heated 

to 50°C (5 to 60 minutes) which were shown in Figure 3.28 (broken line). The DSC 

curve developed a low temperature shoulder before the main peak, which was not found 

in samples heated to 60°C or 75°C.

The results above suggested that no memory effect was observed if the bases were 

heated to the temperature at least ten degree above their specified melting points. The 

thermal behaviour of the solidified sample was controlled by the cooling rate used and 

not the maximum temperature or the time used in the melting process (as long as the
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75C /  10 B l n ;

50C /  5-60 B l n .

Temperature (°C)

Figure 3.28 DSC thermograms of gelucire 43/01 melted at 50°C (broken line) and 
at 75°C (solid line) for 10 minutes. The thermograms of 43/01 melted at 50°C for 
5, 30 and 60 minute are superimposible on the broken line and those melted at 60°C 
and 75°C for 5, 10, 30 and 60 minutes are superimposible on the solid line.
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maximum temperature was 10 degrees above its melting point). In gelucire 43/01 which 

was heated to 50°C, the DSC curve suggested that there was a memory effect since all 

the nuclei of crystal probably had not been destroyed at this temperature. These nucleus 

acted as the seeds for crystallisation and changed the crystallisation pattern.

For gelucire 55/18 the results here indicated that the (assumed) extended form could 

not be obtained from the melt whether it was heated to 65° or 75°C for 5-60 minutes 

under nitrogen or air. The results also suggested that gelucire bases were reasonably 

stable. Nonetheless, the degradation of the bases under heating cannot be ruled out, since 

the degradation products may have the same thermal behaviour as the bases.

3.6 Effect of Moisture

During the course of the study, it was found that the peak temperature on DSC 

curves of A55/18 and B55/18 stored for 280 days which were prepared for rheological 

evaluation decreased by 2-3 degrees. These samples were prepared in relatively large 

amount (5-lOg) in glass bottle. Such change was not found in samples prepared and 

stored in the DSC pans previously described. It was thought that moisture might have 

a role in the change since, for samples stored in DSC pans, the exposure to moisture was 

restricted and thus less susceptible to changes induced. The studies described under 2.8 

of this chapter were then conducted in order to evaluate the effect of moisture on the 

thermal behaviour of gelucires.

Figures 3.29 and 3.30 compare the DSC curves of E-samples aged for 220 days 

under the relative humidity of 0% and 80%. The curves of samples stored under 

different RH were different in gelucire 50/02, 50/13 and 55/18 but the same in 43/01. 

In other words, the effect of moisture on the thermal behaviour of the bases was only 

seen in gelucires which contain PEG esters. No differences was found between the DSC 

curves of samples stored at 0% and 80% RH for up to 90 days.

The effect of moisture on gelucire 50/02, 50/13 and 55/18 must be therefore 

attributed to the PEG esters. PEGs are known to be hygroscopicity due to the hydroxyl
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Figure 3.29 DSC thermograms of gelucire 43/01, 50/02 and 50/13 after ageing
for 220 days under 0% and 80% relative humidity (RH).
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Figure 3.30 Effect of moisture on the thermal behaviour of gelucire 55/18.
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end groups. Water could be attracted and interacted with the PEG esters part in the 

bases. A few hypotheses have been proposed concerning the interaction of PEGs chain 

and water. These included, trihydrate and monohydrate complex formation through the 

ether group of the PEG chains (Graham, 1992; Graham et al, 1989) or else the formation 

of a simple binary crystalline eutectic of PEGs and water (Hager and Macrury, 1980). 

These proposed mechanisms involve only the PEG chains and not the chain ends hence 

can be applied to the interaction of gelucires and water, especially in gelucire 55/18 

which shares many of PEGs properties. However this is, at best, a speculation.

A more simple mechanism involving only at a macroscopic level, however, will be 

proposed here. The DSC curve of 50/13 sample kept at 80% RH (Figure 3.29 Bottom) 

was very similar to that of A50/13 (Figure 3.25 and 3.27). Both samples had two 

distinctive peaks at 37.1°C and 43.5°C, which represented 2 relatively stable fractions 

(since both aged and freshly prepared A50/13 had these 2 peaks). This similarity could 

not be purely coincidental.

It has already been shown that slow cooling allowed fractional crystallisation, ie. the 

crystallisation of the components with similar properties (or segregation). Water could 

act as a medium to promote this segregation by allowing components with similar 

polarity to break from the existing phases, e.g. solid solutions, to form new phases or 

even to segregate into single component. In other words, the presence of water provided 

greater mobility of the molecule especially PEG esters (because of its polarity) to find 

their compatible phases. It should be noted that the role of water to PEG esters in 50/13 

was similar to that of liquid fats to glycerides proposed for 43/01 in 3.3.3. This 

explanation can be extended to gelucire 50/02.
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4. Conclusion

Polymorphism of glycerides and the phase behaviour of gelucires have important 

roles in their thermal behaviour. These two phenomenon cannot be separated and have 

to be considered together in order to understand the thermal behaviour of the bases.

The cooling rate used to solidify gelucire bases dictated their microstructures and 

hence their thermal properties. Slow cooling promoted segregation of components with 

very similar properties, e.g. chain length, melting point, polarity, etc., allowing them to 

crystallised together. This segregation or fractional crystallisation, which was also found 

in solvent crystallisation, resulted in various fractions of fat melting independently. On 

the other hand, rapid crystallisation of the melt tended to promote the formation of mixed 

crystals resulting in a more homogeneous fat. Slow cooling also allowed the 

crystallisation of higher polymorphic forms of glycerides while metastable forms 

crystallised with rapid cooling.

The difference between the microstructure of slowly cooled and fast cooled samples 

could be detected by the shape and the peak in DSC curves and AHf values. Since the 

slowly cooled and the fast cooled samples had different solid fat contents at each 

temperature, the use of SFC graphs proved to be very helpful in the understanding of the 

system.

The cooling rate which was considered to be slow for one fat, e.g.54/02, may not 

be so for other, e.g. 43/01. Therefore, the effect of segregation may be obvious in one 

fat (54/02) but not the other (43/01). This depended on the composition of fats 

concerned (e.g. the fatty acid chains, the presence of PEG esters), which determined their 

crystallisation. However, if crystallisation was prolonged, segregation would certainly 

occur. The same could be said for the fast cooling rate, e.g. gelucire 50/13 had a 

tendency to segregate even the crystallisation was very fast. The effects of cooling rate 

on the thermal properties of gelucires are similar to those reported for milk fat (Mulder,
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1953; deMan, 1961a, b; Timms, 1980) and confectionary fats such as cocoa butter 

(Lovegren et al, 1976; Aronhime and Garti, 1988).

On ageing of gelucires, polymorphic transformation occurred, resulting in the phase 

changes within the bases, e.g. the breaking of the existing and the formation of the new 

solid dispersions. In gelucires which consist solely of glycerides, these changes would 

finally lead to bases with the same thermal properties regardless of cooling rates used. 

On the contrary, even at 280 days some slowly cooled and fast cooled gelucires (50/13, 

and to a lesser extent in 50/02) still had different thermal properties. The presence of 

components with very different properties (glycerides and PEG esters) was responsible. 

Tempering was also found to accelerate the process of ageing or to promote segregation 

depending on the temperature used.

It was also postulated that the presence of certain components such as diglycerides 

or monoglycerides may inhibit the polymorphic transformation into the most stable form. 

Moreover, the presence of water in the system could lead to the bases with different 

thermal properties. Water exerted its effect only on gelucires which contain PEG esters.

Solvent crystallisation resulted in fractional crystallisation of fats. In addition its 

usually but not always (as seen in 43/01) lead to the crystallisation of stable polymorphic 

forms of glycerides hence samples with high AHf values.

No attempt was made in this study to relate the polymorphic form found with a , B' 

or B polymorph of pure triglycerides. Such correlation is impossible without data from 

other techniques, e.g. X-ray powder diffraction and besides may not be important for the 

understanding of the systems. It is also questionable that X-ray technique will be helpful 

at all. In such complex mixtures of glycerides, there is likely to be a , B', B polymorphs 

which belong to different components crystallised together at all times.
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The physical properties, ie. flow and mechanical strength, of gelucire bases prepared 

from different cooling rates were evaluated and reported in this chapter. The samples 

used for the evaluation were demonstrated, in the previous chapters, to have different 

morphologies and thermal properties.

PART ONE : Evaluation of Mechanical Strength

1. Introduction

It is well known that different cooling rates will result in large hardness variations 

in fats; this is the cause of excessive hardness in butter made by some continuous 

processes. Mulder (1953) explained this effect by assuming that rapid cooling results in 

the formation of mixed crystals. This explanation was later demonstrated in milk fat 

(which is used to make butter) by deMan (1961a, b) as described in Chapter 3. In food 

chemistry, hardness of a sample is usually measured with a penetrometer.

Fats commonly used in pharmaceutical preparations, such as suppository bases, are 

generally harder than those in food industry. Nonetheless, penetrometer tests using the 

apparatus described in the USP XIV are frequently used for the investigation and control 

of physical strength of suppositories (Senior, 1974). The hardness of suppository, 

however, is thought to be better represented by that at which the suppository collapses 

as measured by the Erweka (or similar) breaking strength tester (Senior, 1974). The 

breaking strength has been recently used in the evaluation of suppository hardness (e.g., 

Hosny et al, 1990; Fontan et al, 1991). The hardness of many suppository bases were 

found to increase on ageing (see Chapter 1, section 2.3).

Kellaway and Marriott (1975) studied the effect of pouring temperature on the 

breaking strength of PEG 6000 and 1540. The results indicated that the breaking strength
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was independent of pouring temperature, except when this temperature was close to 

congealing point. The influence of process variables on the mechanical strength of the 

moulded PEG 6000 and 10000 tablets was studied by Beyene (1981). The results 

established that melting temperature (or pouring temperature), cooling rate, storage 

condition and interaction between these variables determined the tensile strength.

Fell and Newton (1970) discussed the validity of using the crushing strength in the 

evaluation of tablet strength. They emphasised the importance of observing the mode of 

fracture to be occurred by tensile failure to improve the reproducibility of the test. When 

tablets do not break in tension in a diametral-compression test, variations in the breaking 

load can occur, caused by variations in the relative shear, compression and tension forces 

involved. This leads to a high variance of the breaking load.

In this study, a diametral-compression test will be used to evaluate the hardness, in 

term of tensile strength, of gelucire bases produced from different cooling rates (A, B and 

E). The strength of the bases after ageing will also be evaluated.

2. Experimental Methods

2.1 Sample Preparation

The bases were fabricated into cylinder-shaped tablets by pouring molten bases into 

an aluminium mould ( 4 x 9  holes of diameter 1.25cm and 0.68cm deep) to overflow. 

After solidification, tablets were pushed out, a sharp blade was used to cut away excess 

fat on the top of the tablets. The tablets obtained after cutting were flat faced cylinders 

whose diameter and thickness were accurately measured to 0.002cm with a micrometer. 

Tablets were kept in a desiccator at room temperature over silica gel for 12-24 hours 

before subjected to any evaluation (see 2.2 Storage condition in Chapter 3). Methods A, 

B and E previously used in Chapter 2 and 3 were used to prepare the tablets. Details of 

the preparations are given below.
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Method A or slow cooling : Beaker (250 ml) containing 40g of base and an aluminium 

mould were heated in the programmable oven at the rate of 3°C/min to 75°C. After the 

temperature was maintained at 75°C for 30 minutes, the molten base was poured into 

the mould and heating continued at 75°C for another 30 minutes. The melt was then 

cooled at 0.17°C/min to 30°C.

Method B or fast cooling : The heating programme was the same as A. The mould was 

placed on a tray filled with liquid nitrogen outside the oven. The molten base was then 

poured into the chilled mould.

Method E or ambient cooling : As B but the mould was equilibrated at room

temperature. By inserting a temperature probe into a hole filled with hot melt, it was 

found that the melt was cooled from 75°C to 25°C in 2-5 minutes depending on the type 

of the base. The cooling was non-linear, being faster at higher temperature, thus the 

cooling rate cannot be calculated.

2.2 Determination of Strength

A diametral-compression test (Fell and Newton, 1968, 1970) was used to evaluate 

the mechanical strength of the moulded tablets. Each tablet was weighed to ± 0.0001g 

and its diameter and thickness measured to ± 0.002cm. The maximum load at which the 

tablet collapsed or broke between two parallel platens of the diametrical compression 

tester (CT40 Engineering Systems, Nottingham) was recorded as P and the strength in 

term of the tensile strength calculated according to equation (1).

2P
nDt

where a  = tensile strength (Kg.cm^)

P = load in Kg

D = tablet diameter (cm)

t = tablet thickness (cm)

(1)
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To ensure that the tablets fractured in tension and the strength calculated from 

equation (1) represented tensile strength, only tablets that broke into two halves along the 

diameter were recorded. Six to twelve tablets were evaluated for each sample and the 

measurement performed at 0, 30, 60, 90, 135 days after preparation.

Two sets of experiment (6 month apart) were conducted for each sample to eliminate 

the effect of environment, e.g. seasonal variations in room temperature and moisture. 

The results obtained from both set were pooled for the statistical analysis, hence the 

value of tensile strength reported for each sample was a mean of 12-24 tablets. The one

way ANOVA (analysis of variance) was used for comparison among samples. The p- 

value was reported where any significant difference occurred.

2.3 Evaluation of Tensile Strength of Tablets Containing Theophylline

Theophylline, which was used as a model drug in the release experiment (Chapter 

5), was incorporated into the gelucire bases and the tensile strength of tablets were 

evaluated. Only method E was used to prepare the moulded tablets containing 10% w/w 

drug. Details of theophylline used in the study can be found in Chapter 5.

The appropriate amount of the base was accurately weighed and melted according 

to Method E described above. However, after heating the base at 75°C for 30 minutes, 

theophylline was quickly dispersed in the molten base and the heating allowed to 

continue at 75°C for another 30 minutes. The dispersion was then poured into the 

aluminium mould while care was taken to make sure that the drug was homogeneously 

dispersed throughout the pouring process. After solidification, tablets were pushed out 

and excess base at the top was cut away as previously described. Tablets were stored 

in a desiccator over silica gel for 12-24 hour before being subjected to any evaluation.

The tensile strength of tablets containing 10% theophylline was evaluated as 

described in 2.2. Evaluations were made at 0, 45, 90 and 150 days after preparation. 

Six to ten tablets were used for each sample.
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3. Results and Discussions

Most of the moulded gelucire tablets subjected to the diametral compression test 

broke into two halves along the diameter. This indicated the normal tensile fracture of 

the specimen and thus the value calculated using equation (1) was valid as a measure of 

tensile strength (o) (Fell and Newton, 1970). The exception was the failure that occurred 

in gelucire 43/01 which was freshly prepared (0 day samples). Only half of the A43/01 

and E43/01 tablets subjected to the test had normal tensile fracture. The rest failed to 

break, presumably because the base was too soft and simply deformed under stress. The 

use of filter paper (0.03mm thick) to cushion at the point of contact of tablet and the 

metal platen, as used by Fell and Newton (1970), did not improve the outcome. 

Therefore in the fresh A43/01 and E43/01, only the loads that caused tensile failure were 

recorded and used in calculation. However, aged A43/01 and E43/01 broke in tension.

3.1 Tensile Strength of Tablets Casted in Brass and Aluminium Mould

In the preliminary study, gelucires were cast in a brass mould. It was noted that 

some of the tablets revealed a light blue colour, especially those prepared with Method 

A. Since brass is a composite metal containing copper which is a strong prooxidant of 

glycerides (see 2.1 Chapter 1), it was thought that gelucires which were cast in brass 

mould might undergo oxidation. Therefore, experiments were conducted to compare the 

tensile strength of tablets cast in brass with those cast in an aluminium mould. In the 

process, the brass mould was thouroughly cleaned before pouring in the bases.

Table 4.1 lists the a  values of tablets cast in brass and aluminium mould. It is clear 

that in gelucire 43/01, 50/02 and 54/02, which contain glycerides, a  values of the tablets 

cast in brass mould were lower than those cast in aluminium mould (p < 0.001 in all 

cases). The a  values of gelucire 55/18 tablets was not affected by the type of mould 

used. The results suggest that oxidation of glycerides occurred in the bases that were 

cast in brass mould leading to lower a  values of tablets. Further investigations of (J 

values in this work, therefore, were performed on tablets cast in aluminium mould.



Chapter 4... Flow and Mechanical Properties /179

Table 4.1 Tensile strength of various gelucire moulded tablets (Kg.cm^) cast 
in brass and aluminium mould.

Sample
Mould used

brass aluminium

A43/01

A54/02

A50/02

A55/18

2,51 + 0.33

5.49 ± 0.63

3.34 ± 0.33

3.70 ± 0.52

3.27 ± 0.25

7.41 ± 1.17

4.21 ± 0.41

3.91 ±0.65
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Prapaitrakul et al (1990) used copper cups to melt gelucires containing 

chlorpheniramine. The filled cup was then used directly in the dissolution test to 

determine the intrinsic dissolution rate of the drug from the matrices. They did not report 

any interaction caused by the copper cup.

3.2 The Effect of Cooling Rate on the Tensile Strength of Tablets

Table 4.2 lists the tensile strength of moulded tablets made by cooling gelucire bases 

at different rates. Because of the exceptionally fast rate of cooling used in method B, 

55/18 developed some cracks, which led to the unusual low a  values, and hence was 

excluded from discussion. The results can be summarised as following.

(1) Method B and E produced tablets with similar a  values. This is logical since 

the cooling rates used in both methods were fast. In Chapter 3 it was also found that the 

DSC curves of these samples were similar.

(2) There was a significant difference between a  values of tablets produced from 

different cooling rates in 43/01, 54/02 and 50/13, ie. E, B > A in 43/01 (p < 0.01) ; A 

> B, E in 54/02 and 50/13 (p < 0.001). The difference in o  values of slowly and fast 

cooled samples could be a result of morphological differences (Chapter 2) or the 

difference in their microstructures (degree of segregation / polymorphs. Chapter 3).

(3) There was no significant difference between a  values of tablets produced 

from different cooling rates in 55/18 and 50/02, despite the differences in morphologies 

and thermal properties found in previous chapters.

It is believed that because the boundaries between spherulites are weak regions prone 

to failure under stress, spherulites, especially large ones, reduce the strength and 

toughness of polymers and tend to make them brittle (Way et al, 1974; Schott, 1983). 

In gelucire 55/18, as demonstrated in Chapter 2, slow cooling resulted in a sample with 

larger spherulites than ones obtained from fast cooling. It should be expected therefore
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Table 4.2 Tensile strength of tablets (Kg.cm'^) made by different cooling rates.

Gelucire
Method of cooling

A B E

43/01 3.27 ± 0.25 3.80 ± 0.70 3.93 ± 0.49

54/02 7.41 ± 1.17 5.60 ± 0.78 5.44 ± 0.59

50/02 4.21 ± 0.41 4.43 ± 1.06 4.02 ± 0.26

50/13 8.19 ± 1.28 - 6.65 ± 0.85

55/18 3.91 ± 0.65 1.94 ± 0.34 4.04 ± 0.31
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that a  values of A55/18 should be higher than E55/18. This, however, was not the case 

(see also 3.3 below) and thus suggested that other factors, such as degree of crystallinity 

or the amount of uncrystallised liquid in the samples, might be more important in 

determining the a  values of 55/18.

Since both slow and fast cooling could produce tablets with higher a  values 

depending on the bases used (Table 4.2), there are no general rule regarding the effect 

of cooling rate on the a  values of gelucire tablets. In addition, for any cooling method 

(Table 4.2), there is no trend of strength with gelucire composition. In other word, the 

a  values did not depend on the percentage of glycerides or PEG esters in the samples.

3.3 Tensile Strength of Aged Tablets

Table 4.3 shows a  values of tablets after ageing for various periods of time. The a  

values of tablets were found to increase, remain constant or even decrease during ageing. 

The results could be summarised as following.

(1) There was an increase in a  values of both A43/01 and E43/01 tablets during 

storage (p < 10' )̂ but their a  values were not equal even at 135 days after preparation. 

This was in accordance with the difference found in their DSC curves at this stage of 

ageing (Figure 3.17). An increase in a  values was also found in E54/02 (p < 0.0001) but 

not in A54/02. Both samples had equal a  values after 135 days. The increase in a  

values in 43/01 and 54/01 which are mixtures of glycerides coincided with the increase 

in AHf of these samples (Chapter 3). This implied that polymorphism might have an 

important role in the increase of a  of the bases during storage. Furthermore, the increase 

in SFC at temperature of a  measurement (15° to 20°C, see Figure 3.18 in Chapter 3) 

might also contribute to the increase in a  values of aged 43/01.

(2) The a  values of E50/02 increased after storage for 30 days to be higher than 

a  values of A50/02. This made it possible to conclude that without exception in 

gelucires which contain glycerides, the evaluation of a  values could detect the difference 

in samples cooled differently if the test was conducted at 0-30 days after preparation.



Table 4.3 Tensile strength of gelucire moulded tablets (Kg.cm'^) after ageing for different periods of time.

Sample
Storage time (days)

0 30 60 90 135 250

A43/01 3.27 ± 0.25 3.08 ± 0.20 4.20 ± 0.40 4.77 ± 0.37

E43/01 3.93 ± 0.49 3.49 ± 0.27 3.85 ± 0.80 4.72 ± 0.61 6.05 ± 0.52 -

A54/02 7.41 ± 1.17 8.65 ± 0.64 7.48 ± 0.59 8.35 ± 1.44 7.94 ± 1.25 -

E54/02 5.44 ± 0.59 6.83 ±0.71 6.77 ± 0.49 6.71 ±0.60 7.96 ± 0.62
■  Î

A50/02 4.21 ± 0.41 4.30 ±0.13 - 3.33 ± 0.34 3.61 ±0.15

: f
§

E50/02 4.02 ± 0.26 5.20 ± 0.64 4.75 ± 0.44 3.81 ±0.45 3.78 ± 0.35

A50/13 8.19 ± 1.28 7.03 ± 1.70 6.20 ± 1.32 6.71 ± 1.16 5.91 ± 1.67
A.

5.92 ±0.31 g

E50/13 6.65 ± 0.91 5.68 ± 0.90 5.17 ± 1.21 5.67 ± 0.98 5.08 ± 1.05 5.64 ±0.52 1  
S

A55/18 3.91 ±0.65 4.22 ± 0.58 3.85 ± 0.57 4.55 ± 0.55 4.08 ± 0.40
■  Î

E55/18 4.04 ± 0.31 4.89 ± 0.73 5.01 ± 0.54 5.39 ±0.31 5.07 ± 0.70 - 1
----------------------------------------------- 00
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(3) A decrease in a  values was found in gelucires which are mixtures of 

glycerides and PEG esters, ie. 50/02 (p < 0.0001) and 50/13 (p < 0.01). In both 

gelucires, the a  values of the slowly and the fast cooled samples decreased, and were 

equal after ageing for 135-250 days. It is possible that moisture might play an important 

role in the decrease of c  values of these bases. This assumption is based on the fact that 

the aged A50/13 sample and the E50/13 sample stored under 80%RH had similar thermal 

behaviour which was the result of the similarity in their degree of segregation induced 

by moisture (see Chapter 3, 3.6 and Figure 3.25 and 3.29). In addition, moisture is 

known to reduce the resistance to crack propagation (York et al., 1990).

(4) The a  values of aged E55/18 increased (p < 0.005) while that of A55/18 

remained constant. However, aged E55/18 had higher a  values than aged A55/18 (p <

0.05) which could possibly be attributed to the effect of spherulite size. The effect of 

spherulites size on a  values, however, was not observed in fresh 55/18 A and E samples, 

presumably because it was cancelled out by other effects, such as the difference in their 

degree of crystallinity (from AHf in Table 3.4 Chapter 3) or the amount of uncrystallised 

melt in the samples (see Chapter 2). After ageing, when A and E samples had similar 

degree of crystallinity (equal AHf), the effect of spherulite size on a values of tablets 

could then be observed.

3.4 Tensile Strength of Tablets Containing 10% Theophylline

Table 4.4 shows the a  values of moulded gelucire tablets containing 10% 

theophylline. The inclusion of drug had no effect at all on the a values of gelucires 

50/02. In addition, the a values of tablets containing drug decreased on ageing as seen 

in pure 50/02. The a  values of 54/02 increased while that of 43/01 decreased (p < 0.01) 

in the presence of drug but the a  values of aged samples were similar with or without 

drug. The present of 10% theophylline had profound effect on the a  values of gelucire 

55/18. The a  values of tablets increased by 70% and remained high and unchanged 

through 90 days.
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Table 4.4 Tensile strength (kg.cm'^) of gelucire moulded tablets containing 10% 
theophylline after ageing for various periods of time.

Sample
Storage time (days)

0 45 90 150

43/01 2.86 ± 0.71 3.61 ± 0.32 4.34 ±0.71 4.51 ±0.56

50/02 4.46 ± 0.41 4.31 ± 0.47 3.35 ± 0.34 3.31 ± 0.29

54/02 7.01 ± 0.59 7.28 ± 1.01 7.75 ± 0.32 7.71 ±0.86

55/18 6.85 ± 0.80 7.11 ± 1.19 6.31 ± 0.52 -
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4. Conclusion

It is an intention of this work to demonstrate the effect of cooling rate used to 

prepare gelucire bases on their physical properties. It is, however, not intended to 

investigate the fracture mechanics of gelucire bases. This may not be much relevant to 

the application of the bases in molten filled hard gelatin capsule.

Slow cooling and fast cooling resulted in bases with different thermal and 

morphological properties which arose from the different in their microstructures, ie. 

degree of segregation and solid solution forming, and their polymorphic forms (see 

Chapter 2 and 3). This also led to the difference in mechanical strength of the tablets 

prepared by different cooling rates. Evaluation of tensile strength was proved to be 

effective in the differentiation of the microstructures of the samples.

The a  values of gelucire 43/01 and 54/02 tablets, which contain only glycerides, 

increased during storage. This was in agreement with the work done by many 

investigators on ageing of suppository bases which contain glycerides (see 2.3 in Chapter 

1). Polymorphism probably plays the significant part in this change although it may not 

be the sole reason for change. On the other hand, a decrease in a  values of tablets 

during storage was found in gelucires which are the mixtures of glycerides and PEG 

esters (50/02, 50/13). It is possible that moisture might have an important role in the 

decrease of CJ values in 50/02 and 50/13.

The vessel used for melting of the bases also had an effect on the tablets tensile 

strength. It is likely that copper enhanced the oxidative reaction of glycerides in 

gelucires. As a result, tablets cast in brass mould had lower tensile strength than ones 

cast in aluminium mould. The preparation of gelucire in a container composed of copper 

should therefore be avoided or the product obtained from such preparation must be 

carefully evaluated for any interaction that might occur.
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PART TWO : Flow Characteristics

1. Introduction

There are a number of capsule filling machines that allow the filling of liquid or 

molten bases into hard gelatin capsules (Cole, 1987, 1989). The filling process involves 

controlled pressure precision pumping through dosing nozzles into capsule bodies, hence 

the filling characteristics will clearly be affected by the rheological properties of the 

filling material. Material with low viscosity may cause leaking of the contents after 

filling or sedimentation of drugs with particle size < 50|im (Cuine et al, 1979). High 

viscosity liquid, however, may cause a "tailing" of the base between capsules and hence 

the higher variation of fill weights (Hawley et al, 1991).

McTaggart et al (1984) reported good uniformity (CV <1.2%) of fill weights with 

products of viscosities between 0.1 to 270 Pa.s (PEG 400 and 3% hydroxyethylcellulose, 

in water, respectively). Smith and co-workers (1990) found a Newtonian viscosity of 

0.027 Pa.s for molten ibuprofen to be too low for optimum pumping. However, Hawley 

et al (1990) found the satisfactory variation of fill weights (CV <0.5%) in filling a 

triglyceride base (Dynasan-114) with Newtonian viscosity of 0.012 Pa.s. They also found 

the "tailing effect" on the filling of PEG 20000 (Newtonian viscosity = 24 Pa.s) which 

led to CV > 3% of fill weights. Walters et al (1991) reported no difficulty (CV < 0.5%) 

in filling two Newtonian oils of viscosities 0.21 and 1.67 Pa.s (Miglyol 829 and Imwitor 

780K, respectively). Although all of these investigators used the same filling system (Hi- 

bar pump), only McTaggart et al (1984) reported the pressure used. It is therefore 

difficult to draw conclusions regarding the optimum viscosity ranges for capsule filling. 

As pointed out by Smith et al (1990) and Walters et al (1991), other factors such as 

surface tension of the material may also affect the filling process. In addition, the filling 

temperature can be adjusted, which will obviously affect the viscosity of the filling 

materials.
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In the present studies, the rheological properties of the molten gelucire bases will be 

evaluated. The samples used in the studies were prepared, as in previous studies, from 

different methods. It is unlikely that the bases cooled differently will exhibit different 

rheological behaviours since polymorphism and the segregation effect can only be seen 

in solid state. The studies, however, will serve as the way to characterise the molten 

gelucires for the use as liquid filled hard helatin capsule bases.

2. Experimental Methods

2.1 Sample Preparation

Twenty grams of each gelucire were prepared using Method A, B and E as described 

earlier in Part one except for that the bases were poured into small glass vials (diameter 

= 2.0cm, height = 7.2cm) instead of the aluminium mould. Samples were kept in the 

storage cabinet as described previously in Chapter 3 (2.3).

2.2 Rheological Measurements

The rheological properties of gelucire bases were investigated using a Carrimed CSL 

500 Controlled Stress Rheometer with cone (4cm, 2° and gap = 56}i) and plate measuring 

system. The Standard Peltier System installed in the rheometer allowed the temperature 

to be accurately controlled (± 0.1 °C) from 15°C to 99.9°C Continuous shear flow 

technique was used to measure the viscosities and flow characteristics of molten gelucire 

bases at various temperatures. Creep and oscillation techniques were also attempted in 

order to investigate the viscoelastic properties of the bases at various temperatures.

About 6-8g of gelucire sample were used in each measurement. The sample was 

placed on the rheometer plate and left to equilibrate at the required temperature for 5 

minutes before any measurement. Fresh sample that had never been subjected to shear
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was used for any repeated or new measurement. Samples were evaluated at 0, 30, 60, 

90 and 220 or 580 days after preparation. The measurement was performed in duplicate.

3. Results and Discussions

The coefficient of variation of the measurement of molten gelucire viscosity was 

within 6% overall. The high CV is probably due to the fact that these bases have very 

low viscosities. The creep and oscillation measurements were performed on the bases 

in molten, semisolid (at the temperature range when gelucire began to melt but not 

completely melted) and solid state, but were not successful with the measuring system 

available. It is, therefore, not possible to comment on the viscoelastic properties of these 

bases.

The grapgs of shear rates against shear stresses showed a linear relationship (r =

0.9997 to 1.0000) indicating a Newtonian behaviour of these molten gelucires. As a 

result, only one point viscosity (a viscosity at any shear rate) is sufficient in describing 

their flow behaviours. No shear thinning behaviour was observed.

The viscosities of gelucires studied at various temperatures are shown in Table 4.5. 

There was no difference between the viscosities of the molten bases prepared from 

Method A, Method B and the untreated samples in the temperature range evaluated.

It can be seen that the bases with high glyceride contents (43/01, 50/02 and 54/02) had 

very low viscosities. In contrast, those which contain high percentage of PEG esters had 

higher viscosities (50/13, 55/18). Because of their low viscosities, sedimentation of drug 

(theophylline) easily occurred in 43/01, 50/02 and 54/02 during and after pouring. The 

dispersion of a drug in gelucires with high glyceride contents may, therefore, requires a 

good mixing to maintain the good homogeneity of the drug during a filling process. 

However, the inclusion of the drug may change the viscosity of the mixture. This matter 

will need further investigation.
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Table 4.5 Viscosities (Pa.s) of molten gelucire bases studied.

Gelucire
Temperature (°C)

60 65 70

43/01 0.020 - 0.016

50/02 0.022 - 0.017

54/02 0.030 0.024 0.022

50/13 - 0.062 0.054

55/18 1.822 1.574 1.355
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The determination of viscosity of the aged A and B gelucire samples showed that the 

viscosities of 43/01, 50/02 and 54/02 remained constant even after 580 days of 

preparation. In contrast, the viscosity of gelucire 55/18 markedly decreased after 580 

days as shown in Table 4.6. The decrease, however, could not be detected within 90 

days. The decrease in the viscosity may be due to the degradation of the bases.

It is thought that moisture may have an important role in the decrease of viscosity 

or the degradation of aged 55/18. The studies on the effect of moisture on the viscosities 

of gelucire 50/13 and 55/18 were then conducted in conjunction with the DSC studies 

which were reported in Chapter 3 (Figure 3.29 and 3.30, section 3.6). Method E was 

used to prepare the samples which were stored under low (0-10% RH) and high humidity 

condition (80% RH). The method used to control the relative humidity was described 

in Chapter 3 (section 2.3). Table 4.7 shows the viscosities of these samples measured 

after storage for 220 days.

From Table 4.7, the viscosities of molten 50/13 stored under low or high relative 

humidity were equal. Moisture therefore had no effect on the viscosity of the molten 

samples although it affected thermal behaviour of solidified gelucire 50/13 (Chapter 3, 

section 3.8). On the other hand, the viscosities of 55/18 samples stored in high humidity 

condition were less than half of those stored in low humidity condition. This suggested 

that moisture accelerated the degradation of 55/18. The viscosities of samples stored in 

low humidity condition, however, were slightly less than the fresh samples (at 0 day). 

In other words, samples kept at low humidity also degraded but to a much lesser extent. 

It is not clear, whether, the degradation occurred during the ageing process or when the 

base was remelted for viscosity measurement. This matter will require further 

investigation.

The degradation of 55/18 can be a result of 2 chemical reactions. Firstly, the 

hydrolysis of PEG esters into PEG and fatty acids (see Chapter 1, section 1.1), which is 

a reverse reaction of the manufacturing process used to produce 55/18. The reaction 

requires water as a reactant and occurs at elevated temperature. Secondly, the break up 

of the polymer (PEGs) chains into lower molecular weight fragments. This is also
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Table 4.6 Viscosities of molten gelucire 55/18 (Pa.s) at 60° and 70°C after 
ageing for various periods of time.

Sample
Storage time (days)

0 90 580

A55/18

60°C 1.82 1.81 0.54

70°C 1.35 1.33 0.40

B55/18

60°C 1.82 1.83 0.42

70°C 1.35 1.36 0.33



Chapter 4... Flow and Mechanical Properties /193

Table 4.7 Viscosities (Pa.s) of molten gelucire 55/18 and 50/13 stored for 220 
days under different humudity conditions.

Sample
Relative humidity (%)

0 80

E55/18

60°C (1.822 Pa.s)' 1.503 0.726

70°C (1.355 Pa.s) 1.164 0.519

E50/13

65°C (0.062 Pa.s) 0.059 0.060

70°C (0.054 Pa.S) 0.052 0.052

1.) The viscosity shown in parenthesis is the viscosity at 0 days.
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possible since the lower MW of PEGs have lower viscosity than the higher one. 

However, Chatham (1985) suggested that long melting periods at high temperatures seem 

to be required before appreciable break up occurs and below 100°C, degradation of 

polymer chains is minimal.

4. Conclusion

Molten gelucires exhibited Newtonian flow behaviour. Gelucires, which contain high 

percentage of glycerides, had low viscosities while those contain high percentage of PEG 

esters had higher viscosities. Thermal history of the sample had no effect on its flow 

behaviour. Samples, though cooled differently, always had equal viscosities when they 

were melted. Ageing had no effect on the viscosities of the molten gelucire bases except 

gelucire 55/18. The viscosity of molten gelucire 55/18 markedly decreased after long 

term storage which indicated a degradation of 55/18. The degradation was much 

accelerated in the presence of moisture.



5 .

Dissolution Studies



Chapter 5 ...Dissolution Studies / 196

The release characteristics of a model drug, anhydrous theophylline, from gelucire 

matrices were studied in this Chapter. The kinetics and mechanisms of drug release from 

the matrices were analysed and the factors affecting them, such as pH of dissolution 

medium, drug loading, rotation speeds, were studied. In addition, the release from slowly 

and fast (or ambiently) cooled matrices were directly or indirectly measured and 

compared wherever possible.

1. Introduction

1.1 Release of Drugs from Gelucire Bases

There are a number of studies on the use of gelucires in controlled and immediate 

release formulations as shown in Table 1.2 in Chapter 1. The mechanisms of drug 

release, however, were evaluated in only a few studies. The results of these studies will 

be discussed below. The compressed tablet formulations always contain other fillers such 

as binder, disintegrant, etc., which can affect the release characteristic of the dose forms. 

Furthermore, the pressure used to compress the tablets also has an effect on the release 

(Vila Jato et al, 1990; Ahmed and Bolton, 1991). As a result, it is difficult to assess the 

influence of gelucires themselves on the release of drug from compressed tablet 

formulations. Therefore, the discussion will be focused on the release of drugs from 

gelucire matrices in liquid filled hard gelatin capsule formulations. These formulations 

usually contain at least 50% of the bases.

The kinetics of drug release from gelucire bases used in most studies are Higuchi’s 

T^ models (Howard and Gould, 1987; Dennis and Kellaway, 1987; Dennis, 1988; 

Prapaitrakul et al, 1991; Kopcha et al, 1990, 1991; Baykara and Yuksel, 1991). The 

Higuchi’s models were originally derived for the diffusion controlled of drug release from 

a stationary matrix (Higuchi, 1961, 1963). However, drugs were released from gelucire
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matrices by diffusion and/or erosion controlled processes dependent on the type of 

gelucires employed.

There seem to be an agreement that drug release from gelucires with low HLB 

values, e.g. HLB < 7, is diffusion controlled and usually very slow (Howard and Gould, 

1987; Dennis, 1988; Kopcha et al, 1990, 1991). On the other hand, release from the 

bases with high HLB values are faster and is thought to occur by a diffusion and erosion 

controlled mechanism (Howard and Gould, 1987; Kopcha et al 1990, 1991). Dennis 

(1988) who was the only investigator who actually measured the erosion of the matrices 

found that the release of ketoprofen from gelucire 50/13 was erosion controlled.

Attempts have been made to quantify the relationship between drug release and 

gelucire HLB values (Howard and Gould, 1987; Vila Jato et al, 1990; Mouricout et al, 

1990; Baykara and Yuksel, 1991). As a result, a few equations were constructed, which 

were claimed to describe the percentage drug released or rate of drug release as a 

function of HLB values. In these cases, the authors usually took a very optimistic view 

in the interpretation of the results. Howard and Gould (1987), who were less optimistic, 

found the relationship to be drug specific with some gelucires exhibiting anomalous drug 

release properties, which could not be described by the equation they constructed.

Gelucires, particularly with high HLB values, also swell in the dissolution medium 

(Dennis, 1988; Bodmeier, 1990; Prapaitrakul, 1991; Nadkarni and Laskar, 1991). 

Swelling may have an effect on both a diffusion of the drug in the matrices and on 

matrix erosion.

One interesting feature is found on examining the literature on drug release from 

gelucire matrices with high HLB values. When the release experiments were conducted 

on the discs that have only one surface exposed to a dissolution medium (in order to find 

the intrinsic dissolution rate), the release of a drug was predominantly diffusion (Kopcha 

et al, 1990, 1991; Prapaitrakul, 1991). The investigators reported that the matrices were 

intact after the end of the experiments. On the other hand, when the matrices filled in 

capsules were used in a USP or BP dissolution methods, disintegration of the matrices
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was reported (Dennis, 1988; Bodmeier et al, 1990), and consequently the erosion 

mechanism became more important. This occurred even when the same drug in the same 

matrix (theophylline in gelucire 50/13) was used (Kopcha et al, 1990, 1991; Bodmeier 

et al, 1990).

In this work, the release of drug was conducted on the cylindrical matrices 

according to the USP method. The single surface disc was not used since it may prevent 

the bases from swelling and disintegrating and thus may alter or distort the release 

characteristics as seen above.

1.2 Mechanisms of Drug Release from Matrix Devices

The term matrix used here implies a drug delivery system in which a drug is 

dispersed either molecularly or as solid drug particles within polymer or other matrix 

forming materials, e.g. waxes. It is used here to differentiate this type of dose form from 

the reservoir type, ie. the one with rate controlling membrane, which is not covered here.

There are a number of mathematical models describing the release of drug from 

matrices. In the development of the models, a number of assumptions on the system 

undergone dissolution have to be made. These assumptions, which are not usually met 

in the practical dissolution experiments, limit their uses and are the cause of deviation 

of the actual drug release profiles from the predicted ones. The models, however, 

provide a guidance on the mechanism of drug release and can sometimes closely quantify 

the release (in term of release rate or amount released). In addition, the exact 

mathematical expressions in the models depend very much on the geometry of the 

devices used. Bearing all these factors in mind, only the empirical forms of the models 

will be presented and discussed here. The models associated with erosion, swelling and 

diffusion will be discussed since they have been reported to be associated with the release 

of drugs from gelucire matrices.
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1.2.1 The Diffusional (Higuchi’s or T̂ ) Model

The T^ models were originally derived to describe the diffusion controlled release 

of drug from inert stationary (non-erodible, non-swellable) matrices (Higuchi, 1961, 

1963). There are several versions of the models to describe various systems. Of 

particular interest here are equation (1) and (2) below (Higuchi, 1961, 1963).

e ,  = [2cp,(A-^) t r  (1)

where Qt = the amount of drug released per unit area (mg/cm^), A = drug loading 

(mg/cm^), Q  = drug solubility in matrix (mg/cm^), D, = diffusion coefficient of the drug 

in matrix (cmVsec) and t = time (sec). The equation describes drug release from a 

homogeneous matrix (in which there is no pore) with suspended drug, for example, 

release from ointment bases, congealed fat matrix. The drug, which must be soluble in 

the matrix, diffuses through the matrix to a medium while the matrix stays intact.

If the diffusion of the drug is not through a matrix material, but through solvent 

filled connecting capillaries or pores as in the porous or granular matrices (such as 

compressed polymer tablets or the matrix with high drug loading), equation (1) will be 

modified to

Q, = [C p ^ l { 2 A -e C J tr  (2)
T

where Q  and D, are the solubility and diffusion coefficient, respectively, of a drug in the 

leaching medium, £ is the porosity or the fraction of matrix that exists as pores or 

channels into which the surrounding liquid can penetrate, and x is tortuosity of the matrix 

reflecting the entire distance the agent must on average diffuse to escape from the device.

The important assumptions made in deriving equation (1) and (2) are as follows: 

1) a pseudo steady state exists; 2) A »  Q, ie. excess solute is present; 3) perfect sink 

condition in the medium; 4) the diffusion coefficient remains constant. Paul and 

McSpadden (1976) pointed out that the prediction from Higuchi’s equation does not 

match the exact result by an amount of 11.3% in the limit of A—>Q. They provided an
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exact solution to remove the discrepancy. Lee (1980, 1981) also developed models 

which were claimed to be more accurate than Higuchi’s. However, these models are out 

of scope of the discussion and will not be shown here. Equation (1) and (2) were 

developed for slab geometry. The solutions for cylindrical and spherical shaped devices 

are also available though more complicated (Baker and Lonsdale, 1974, 1976; Roseman 

and Cadarelli, 1980). Nonetheless, for up to 50% of solute release, the slab is a good 

approximation for either cylinder or sphere.

Equation (1) and (2) predict the dependent of drug release. Furthermore, they 

quantitatively reveal the relationships between drug release and factors such as drug 

solubility, drug loading and porosity (which, in turn, may sometimes be related to 

compression force). The T^ models, usually in the empirical form (equation 3) have 

been widely used to model drug release from various systems including gelucire matrices 

as seen above. In the systems where the properties of matrices change during dissolution, 

ie. swelling or erosion occur, it is difficult to relate an apparent constant, k in equation

(3) to any physical properties.

M
(2, or — L = (3)

where M/M„ = fraction of drug release, k = constant

1.2.2 Erodible Matrices

The use of biodegradable or bioerosion polymers for controlled release of drugs, 

especially contraceptives, has been a subject of much interest and work done in this area 

has been reviewed (Hafez and Van Os, 1980; Heller and Baker, 1980; Thies, 1981; 

Heller, 1984, 1987; Linhardt, 1989). The simplest approach to deliver the drug by 

bioerosion is to disperse or dissolve the drug in water-soluble polymers, such as Carbopol 

or methylcellulose. Drug release is then determined by the rate of dissolution of the 

polymer in the medium. It is pointed out, however, that in practise such polymers 

become completely impregnated with water and drug release is then primarily determined 

by drug solubility and diffusion (Heller et al, 1978).
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It is considered better to utilize a hydrophobic, water insoluble, non-permeable 

polymer which is made water soluble by chemically controlled reactions, particularly 

cleavage of polymer chains, such as hydrolysis or ionisation (Pitt and Schindler, 1980). 

In this ideal case only surface erosion of matrix occurs and hence the drug is released at 

the same rate. Practically, the release again occurs by the combination of erosion and 

diffusion of drug through the matrix since bulk erosion often occurs. The only polymers 

which undergo true surface erosion (by ionisation) are the partial esters of methyl vinyl 

ether/maleic anhydride copolymer (Heller et al, 1978).

Hopfenberg (1976) formulated a model to describe the drug release strictly through 

a surface erosion mechanism without a diffusion contribution, given by

—  = (4)

where M /̂M_ is a fraction of drug released; is an erosion constant (mg/hr.cm^), Q  is 

drug loading (mg/cm^); a = radius of sphere, or cylinder, or half thickness of slab; and 

n = 1 for a slab, 2 for a cylinder, and 3 for a sphere. The equation predicts a zero order 

drug release from a slab.

The release of drug by strictly surface erosion mechanism is also less dependent on 

the type of drug delivered, e.g. its chemical and physical properties. This approach, 

therefore, results in the only truly generic drug delivery device (Linhardt, 1989).

1.2.3 Swellable Matrices

In swellable matrices, the release of drug is controlled by one or more of the 

following processes : 1) the diffusion of water into the matrix., 2) the swelling due to 

hydration of the matrix or the relaxation of the polymer chains (often referred to as Case 

II transport), 3) diffusion of the drug through swollen matrix and through the existing 

pores, if any, and 4) the dissolution or erosion of the matrices. The overall profile 

depends on which process or combination of processes dominate the release.
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There is no single mathematical model that incorporates processes I to 4 altogether. 

The main problem preventing an accurate mathematical modelling is that while the matrix 

is swelling, the diffusion coefficient of the drug in swollen matrix is also increasing and 

its value depends on its properties and the amount of water in the matrix (Peppas and 

Kosmeyer, 1987). However, a simple expression which can be useful in some 

applications is that suggested by Beren and Hopfenberg (1978).

— L = k t  + kJ^  (5)

where and k% are constants describing constant rate process and diffusion process, 

respectively. The advantage of this expression is that it separates the effects of two 

simultaneous processes and that kj and k2 have a meaningful physical interpretation.

Equation 5 was intended to include, in kj, the effect of polymer relaxation, the so- 

called Case n  transport. The phenomenon is generally attributed to structural changes 

induced in the polymer by the penetrant (Peterlin, 1979, 1980), which cause the polymer 

to swell. If this process is the rate limiting step, the release of drug from the matrix will 

be zero order and is called relaxation-controlled, swelling-controlled or Case II transport 

process (Kosmeyer and Peppas, 1983, Peppas and Kosmeyer, 1987). However, 

Hopfenberg (1976) suggested that the most simple relaxation process might be dissolution 

of the polymer. Therefore, k̂  can be associated with the dissolution as well as relaxation 

of polymer chains. Lee (1980, 1981) formulated a drug release model from erodible 

matrices which has diffusion contribution (but no swelling component) and came to the 

same empirical form as equation (5).

It can be seen from equation 5 that the release can be approximated by T^, zero 

order or mixed kinetics if it is controlled by diffusion, Case II transport (or dissolution 

of the polymer) and a mixture of the two (anomalous or non-Fickian transport), 

respectively. Therefore a simple power law expression shown in equation 6 will suffice 

to correlate and evaluate release data and guide successive experiments (Langer and 

Peppas, 1981). The equation is generally hold for M /̂M_ < 70% of drug released 

(Peppas and Korsmeyer, 1986).



Chapter 5 ....Dissolution Studies / 203

—  =  kt  " ( 6 )

where k is a constant and n is a release exponent, indicative of the mechanism of drug 

release. For a slab n = 0.5, 0.5 < n <1 or n = 1 indicating Fickian diffusion, anomalous 

transport or Case II transport kinetics, respectively. For a cylinder and a sphere, n is 0.45 

instead of 0.5, and 0.89 replaces I.

2. Experimental Methods

2.1 Theophylline Properties

Anhydrous theophylline (Sigma, Poole; Lot.I08F0352) was used as received. The 

particle size distribution of the drug obtained from sieve analysis is as follows; <1%  

w/w smaller than 75p, 48% w/w between 75-I50|i and 51% w/w between 150-3(X)|I.

The ultraviolet spectrum of the drug in distilled water determined on Perkin-EImer 

554 UV-VIS Spectrophotometer exhibited a single maximum in the spectrum region 

between 270-273 nm. There is a linear relationship between absorbance at 272nm and 

drug concentration (r=0.998) up to 0.025mg/ml. The melting point of the drug taken 

from the peak maximum of its DSC curve is 272.5 ± 0.94°C and its AĤ  = 173.7 ± 4.8 

J/g. at the scanning speed of 20°C/min. Both the absorbance maximum and the melting 

point found in this study were in agreement with the values reported in the literature 

(Cohen, 1975).

The solubility of theophylline in water at 37°C was found to be 10.1 mg/ml and 

was not significantly different (10.2 mg/ml) in the presence of 0.1 and 0.2% w/w of 

gelucire 55/18 which was the only base studied to be soluble in water. The 0.1% w/w 

concentration of gelucire 55/18 in water approximately corresponds to the final
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concentration of the base in a dissolution medium at the end of the dissolution studies 

on the release of theophylline from 55/18 matrices (see below).

2.2 Sample Preparation

Samples were fabricated into flat faced moulded tablets of diameter 1.25cm. and 

height of 0.62 to 0.68cm similar to those used in Chapter 4. The heating protocol used 

for sample preparation were Method A (slowly cooled) and Method E (ambiently cooled) 

as also described in Chapter 4. Slow cooling (A) was only used to prepare gelucire 

55/18 matrices containing 2 to 30%w/w drug. The low viscosities of gelucire 43/01, 

50/02, 54/02 and 50/13 allowed sedimentation of the drug, if the cooling rate was slow 

as in method A. This resulted in non-homogeneous distribution of the drug in the tablets. 

The very high viscosity of gelucire 55/18 prevented the sedimentation. Details of the 

preparations are as following.

Method E or ambient cooling : A glass mortar containing an accurately weighed amount 

of gelucire was heated in the programmable oven from 30° to 75°C at 3°C/min. After 

the temperature was maintained at 75°C for 30 minutes, theophylline (from 2 to 

30%w/w) was dispersed in molten gelucire and the heating was allowed to continue for 

further 30 minutes at 75°C. The mixture was stirred to ensure homogenous dispersion 

of drug and then poured into the aluminium mould which was kept at room temperature. 

The excess fat at the top of the resulted moulded tablets was cut away.

Method A or slow cooling : An accurately weighed quantity of gelucire 55/18 was 

heated in a glass mortar from 30° to 75°C at 3°C/min in the programmable oven. 

Theophylline was incorporated after the base was heated at 75°C for 30 minutes. The 

heating was then continued at 75°C for further 30 minutes before the base was poured 

while stirring into the aluminium mould (also in the oven). The oven was cooled at the 

rate of 0.17°C/min.

The diameter and the height of the theophylline containing tablets (hence being 

referred to as matrices) were measured to 0.002cm and kept 12-24 hours in the cabinet
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over silica gel before subjected to dissolution testing (see storage condition in 2.3, 

Chapter 3). The average weights of the matrices used in the dissolution tests were 

between 0.85 and 0.95g depending on the type of the bases used and the drug loading.

2.3 Dissolution Studies

Unless stated otherwise, the dissolution of theophylline from the matrices was 

conducted in the USP rotating baskets apparatus (PTW S Dissolution test instrument, 

Pharmatest) in 1000 ml distilled water at 37°±0.5°C with a rotation speed of lOOrpm. 

At pre-selected time intervals from 0.15 to 24 hour, 3-4ml of dissolution medium were 

automatically filtered, withdrawn and manually diluted accordingly, if required. The drug 

content was analysed spectroscopically at 272 nm. Tablets were weighed to 0.(XX)lg 

before subjected to dissolution and six tablets were used for each sample.

A milky solution resulted from the erosion of gelucire 50/13 matrices interfered the 

spectroscopic reading of the drug and required extra filtration through a 0.45 |im 

cellulose acetate membrane. The membrane did not absorb any measurable amount of 

drug. Gelucire 55/18 dissolves in water but does not interfere with spectroscopic reading 

of theophylline.

2.4 Measurement of Matrix Erosion and Swelling

The measurements of matrix erosion and swelling were carried out on the tablets 

without theophylline. Each tablet was weighed to 0.(X)01g (weight = X). Six tablets 

(one in each basket) were placed in the dissolution apparatus and subjected to the 

dissolution test described above. Each basket containing the remaining gelucire matrix, 

was taken out of the dissolution medium at preselected time intervals. Excess water was 

removed from the basket surface with a tissue paper. The basket was then placed on a 

small aluminium pan, allowed to stand for 3 minutes at room temperature, then weighed 

to 0.0001g (weight = Y) and dried at 80°C to a constant weight (= Z). The diameters 

of the matrices were also measured immediately after samples were taken out of the 

dissolution medium. All the values reported were the average of six measurements.
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If DB is the weight of a dry basket and small aluminium pan, matrix erosion and 

water uptake can be expressed, in percentage, as following, 

matrix erosion = [X - (Z - DB)] * 100/X

water uptake = (Y - Z) * 100/(Z - DB)

2.5 DSC Characterisation of Gelucires-Drug Mixtures

Gelucires containing 2 to 70% w/w concentrations of anhydrous theophylline were 

subjected to DSC investigation. Samples were prepared as described under 2.1 except 

for that they were prepared in small glass vials instead of casting into moulded tablets. 

Ten mg of samples were scanned from -20°C to 300°C at the speed of 20°C/min. Details 

of the scanning procedure can be found in Chapter 3 (section 2.3). The physical state 

of the drug in the matrices was also examined microscopically.

3. Results and Discussions

To prevent any confusion, the terms mixture, dispersion or matrix used in this 

Chapter refer strictly to those of gelucires and theophylline prepared according to method 

described in section 2. No other kind of mixtures are implied.

3.1 The Physical State of Theophylline in Gelucire Matrices

Visual observation of the dispersion of 2-30%w/w theophylline in all gelucires 

studied (E43/01, E50/02, E50/13, E54/02 and E55/18) indicated that even at 2% drug 

loading, the drug was dispersed in the bases. Microscopically, theophylline was 

dispersed as particles throughout the molten bases (up to 75°C). When the melts were 

solidified, discrete drug particles in the bases were still evident. These indicated that the 

dissolution of the drug in the bases was incomplete at the drug concentrations of 2%w/w 

or greater.
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The partial phase diagrams of the theophylline-gelucire systems obtained from the 

DSC studies are shown in Figure 5.1 a, b and c for gelucire 43/01, 50/13 and 55/18, 

respectively. The DSC curves of the gelucire matrices containing 5-70% of drug showed 

two separate melting endotherms at low and high temperatures corresponding to the 

melting of gelucires and the drug, respectively. At 2 and 5%w/w drug loading, however, 

the melting endotherm of the drug was somewhat obscure, particularly in gelucire 55/18 

system. The liquidus temperatures (■) were taken from the peak maximum at the drug 

melting endotherm and the solidus temperature (^) from Ty (a temperature at which the 

endotherm returns to the baseline, see Chapter 3 for more details) of gelucire melting 

endotherms. Ty may not be a correct representative of solidus temperature, the purpose 

of using it here, however, is just to show the effect of one component (gelucire or drug) 

on the melting behaviour of the other.

A slight melting point depression of drug (1.5°-4°C) and gelucire 43/01 (1.5°-3.2°C) 

were found in the presence of each other in the matrix (Figure 5.1a). The phase diagram 

indicated a simple binary system, where neither of the components had significant 

solubility in the other component at the temperatures between their melting points.

The phase diagrams of 50/13-drug and 55/18-drug systems were of monotectic type 

(Figure 5.1b and c, respectively). A monotectic phase diagram has the form of a eutectic 

diagram in which one arm is missing and in which the lower melting component replaces 

the eutectic composition. Depression of the melting point of theophylline due to the 

presence of gelucires (50/13, 55/18) diminished as the drug concentration rose. A slight 

depression of gelucire 55/18 melting points by the drug was observed at 50% (2°C) and 

70% (3.3°C) drug loading. Some monotectics have been described in pharmaceutical 

systems, e.g. griseofulvin/tolbutamide-PEG 2000 (Kaur et al, 1980), trimethoprim-PEG 

4000 (Chatham, 1985), nortriptyline in various PEGs (Craig, 1990), triamterene-PEG 

1500/gelucire 44/14 (Dordunoo et al, 1991). It is worth noticing that all of these systems 

are mixtures of drugs with very high melting points (>200°C) and bases which have 

much lower melting points.
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Figure 5.1 Partial phase diagrams of gelucire-theophylline systems.
(a) 43/01-theophylline, (b) 50/13-theophylline, and (c) 55/18-theophylline. Keys: 
A solidus temperature, taken from Ty of gelucires; ■ liquidus temperature, taken 
from the peak maximum of drug melting endotherms.
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The phase diagrams and microscopical observation suggested no eutectic or solid 

solution was present in gelucire-drug systems. However, if only the DSC was used there 

would be some degree of uncertainty as to the behaviour at low concentration (<5%w/w) 

of drug since no melting transition for the drug could be detected by the DSC in this 

region. The method suggested by Theeuwes et al (1974) and employed by others (e.g., 

Shefter and Cheng, 1980; Bodmeier et al, 1990; Dubernet et al, 1991; Fernandez et al, 

1992), was used to determine the solubility of the drug in the matrices at the drug 

melting point.

The heat of fusion (AĤ ) of the drug in the matrices was plotted against the drug 

concentration as shown in Figure 5.2. These AHj values corresponded to the melting of 

the residual undissolved drug (the crystalline drug) and were obtained from the area 

under the second endothermie peak of gelucire matrices containing 5-70% of the drug. 

The linear relationship between AHf value of drug and its concentration in the matrices 

was found (r = 0.998 in all cases; Figure 5.2) and thus the loading at which the AĤ  

value was zero (X-intercept) indicated the solubility of the drug in molten gelucires at 

its melting point. The solubilities of theophylline in molten gelucires obtained from this 

method were 4.7, 7.2 and 9.9%w/w for gelucire 43/01, 50/13 and 55/18, respectively.

It should be emphasised that the drug solubilities obtained above were the 

solubilities of the drug in the matrices at the drug melting point They did not reflect the 

physical state of the drug in solid matrices. Moreover, the relevance to this study is 

questionable since the melting point of the drug is much greater than those of the 

matrices and the temperature used to prepare the matrices (75°C). However, they are 

important variables to be considered in the situation where the melting point of the drug 

and the matrix material are similar or near. For example, if the amount of the drug 

dissolved in the matrix material during the heating process exceeds the solubility of the 

drug in the matrix at storage temperature, the drug may crystallise as different 

polymorphic forms, or over time and cause stability problem. In addition, the cooling 

rate used will have an effect on the particle size distribution of the drug as reported by 

Dordunoo et al (1991) for temazepam-PEGs or gelucire 44/14 systems (see Chapter 1, 

section 2.4).
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Figure 5.2 Graphs of AHf of theophylline and its concentration in gelucire 
matrices. The correlation coefficients (r) of the regression lines are > 0.998 in 
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3.2 The Mechanisms of Drug Release from Gelucire Matrices

Figure 5.3 shows the release profiles of ambiently cooled gelucire matrices (E 

samples) containing 30% theophylline. The amounts of drug released from gelucire 

E43/01, E54/02 and E50/02 matrices were 1.7%, 1.4%, and 9.7% of drug loading in 20 

hours, respectively. The drug was completely released from gelucire E55/18 and E50/13 

in 10 and 20 hours, respectively. Release of the drug from all ambiently cooled gelucire 

matrices could be approximated by T** model (with r>0.98 in all cases, see also later).

The amounts of drug released from gelucire E43/01 and E54/02, which are 

glycerides, are very small, as may be expected from hydrophobic matrices. Bearing in 

mind that the moulded gelucire matrices used in this study consist of no pores or water 

channels, a drug that is not soluble in the matrices should theoretically not be released 

at all (see Introduction 1.2.1). However, it is possible that the drug particles at the 

surface of the matrices were released, leaving pores which were then filled with water, 

thus enabling more drug to be released. The bases did not lose weight apart from that 

attributed to the released drug and no water was found to enter the matrices. In other 

words, the matrices did not swell or erode. As seen in Figure 5.4, the graph of fraction 

of drug released from gelucire 43/01 matrices versus T^ is linear (r > 0.999), indicating 

a diffusion controlled release. Since the amounts of drug released from 43/01 and 54/02 

were very small, further studies were not carried out.

3.2.1 Release from E55/18 matrices

The release profiles of theophylline from E55/18 matrices containing 2% and 30% 

drug are shown in Figure 5.5 together with the erosion profile of pure matrices. Figure 

5.6 shows the amount of water entering the pure matrices (in %w/w of dry base) during 

dissolution testing. Once the matrix was immersed in water, it hydrated, forming a gel 

at the surface and swelling (the diameter increase is shown in Figure 5.6). A sharp 

boundary could be seen separating the dry core (drug and polymer) from the swollen and 

drug depleted transparent gel layer. After more water penetrated into the matrix (Figure 

5.6), the dry core became smaller and eventually disappeared, leaving only the swollen
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Figure 5.3 The release profiles of various gelucire matrices containing 30%w/w 
theophylline. For clarity, the release from gelucire 54/02 is not shown but the 
amounts released were less than 1.5% in 12 hours. Keys : ■  E55/18;  ̂ E50/13; 
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Chapter 5 ....Dissolution Studies / 217

gel. Erosion of the matrix occurred simultaneously (Figure 5.5). The swelling tended 

to increase, whereas the release and matrix erosion (or dissolution since 55/18 dissolves 

in water) decreased the dimension of the gel. Combination of the two processes resulted 

in an observed constant dimension of the swollen matrices during the first and the fourth 

hours of the release profiles.

The release of drug from E55/18 matrices could be approximated by T^ model, ie. 

graphs of the percentage drug released versus T^ were linear (r > 0.98 in all cases from 

2%-30% drug loading). It is, however, obvious from the above evidence that the release 

was controlled by more than one processes, the swelling and dissolution of the polymer 

which were constant rate processes and the diffusion process. Therefore, the relative 

important of the two processes were mathematically assessed by fitting the dissolution 

data to equation (5) and (6) (see 1.2 in Introduction). The exponent n from eq.(6) was 

the slope of a linear regression line of a logarithmic plot between percentage drug 

released and time (r>0.99 in all cases). The values k, and kz in eq.(5) were obtained 

from non-linear regression curve fitting (through the origin) of the graphs between 

percentage drug released and T .̂ These parameters are shown in Table 5.1.

From Table 5.1, the values of n increased with higher percentage drug loading. At 

2% drug loading, the n-value was 0.71, which indicated that the release of drug was 

controlled by both diffusion and swelling/dissolution of the polymer. At 20 and 30% 

drug loading, where n=0.87, the mechanism of drug release was dominated by swelling/ 

dissolution of the polymer and hence release was nearly constant between 1 to 8 hours. 

The same conclusion could be drawn from the analysis of data using k̂  and k2 from 

equation (5). The values of kj, a term related to constant rate processes, increased, while 

k2, a term related to diffusion, decreased with higher drug loading. As a result the ratio 

ki/k2, which indicated the relative importance of erosion to diffusion, increased with 

percent drug loading.

It would be very much useful if the values of k̂  and k2 could be mathematically 

related to factors such as percent drug loading, drug solubility, dimensions of the device, 

etc. However, to achieve such relations, more experiments on a wider type of drugs must
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Table 5.1 Various parameters calculated from dissolution data of theophylline 
from gelucire 55/18 matrices.

Drug loading 

(%)

exponent n 
from 
eq.(6)

ki

from eq. (5) 

kz ki/k2

T50%
(hour)

E55/18

2 0.71±0.02 5.45 18.82 0.29 2.74+0.24

5 0.72+0.01 4.92 19.67 0.25 2.88±0.22

10 0.77+0.02 6.63 11.83 0.56 3.10±0.20

15 0.80±0.01 7.77 11.75 0.66 3.17+0.13

20 0.87+0.03 8.82 7.94 1.11 3.4310.15

30 0.87±0.02 9.69 6.97 1.39 3.61+0.23

A55/18

2 0.52+0.02 0.30 31.19 0.01 2.34+0.10

30 0.89+0.01 9.37 6.51 1.44 3.6210.21

(1) T50% is the time that 50%w/w of the drug were released from the matrices.
(2) see text for the expressions of equation (5) and (6).
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be conducted. It should also be noted that the time that 50% of drug were released 

(T50%) increased with percent drug loading.

3.2.2 Release from gelucire E50/13 matrices

Unlike 55/18 which is PEG 6000 distearate, 50/13 contains 20% glycerides and 

80% PEG esters. In other words, 50/13 matrices contain both a hydrophobic (glycerides) 

and a hydrophilic part (PEG esters). The PEG backbones, however, are of shorter chain 

length (MW -1500) than 55/18. Figure 5.7 shows the release profiles of the matrices 

containing 2% and 30% theophylline together with the weight loss of the pure matrices 

during dissolution. Figure 5.8 shows the swelling profiles of the matrices in terms of 

water uptake and diameter of the tablets.

Once immersed in water, the matrices swelled and at the same time the surface 

erosion of the matrices could be clearly seen. The swelling, however, was not as 

extensive as in 55/18 as seen from the smaller diameters (Figure 5.8). The diameter of 

the matrices reached the maximum after two hours and then decreased. In addition, no 

transparent gel layer could be seen; the erosion occurred through the disintegration of the 

masses at the surface of the matrices. The difference between the swelling in 55/18 and 

50/13 could be clearly seen when the percentage water uptake and the erosion profiles 

are plotted on the same scale as shown in Figure 5.9. It was seen that the water uptake 

of gelucire 50/13 matrices totally determined the matrix weight loss. In other words, the 

erosion of 50/13 matrices was due to surface disintegration of matrix materials caused 

by the inability of the matrices to accommodate the swelling due to water. On the other 

hand, the erosion in 55/18 was due to the dissolution of the gel.

From Figure 5.7, the release of drug from 50/13 matrices could be approximated 

by the erosion kinetics. It was found, however, that the erosion of 50/13 matrices was 

a constant rate process but the release of the drug was not. It was better described by 

T^ kinetics (r > 0.999). Since theophylline is soluble in water, it could diffuse through 

the swollen matrices. The diffusion contribution might cause the deviation of the release 

profile from a constant rate process. However, diffusion was by no means, an important
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Figure 5.7 The release and the erosion profiles of gelucire E50/13. Keys : solid 
line, the release profile of gelucire 50/13 matrices containing 2% (a) and 30% (■) 
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Figure 5.8 The swelling profiles of pure gelucire E50/13 matrices. Keys : ■  
the amount of water in the swollen matrices (% w/w of dry base), ^ diameter of 
swollen matrices. The correlation coefficient (r) of the regression line of the water 
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process that controlled the release. On the contrary, the results showed that modelling 

of the data should be accompanied by physical measurements, at least in the systems that 

undergone erosion.

Although it is not expected that a simple equation would predict the release from 

gelucire 50/13 matrices, the model for erodible cylinder (equation (4)) was used to 

predict the dissolution profile of 50/13 matrices containing 30% drug. The predicted and 

the actual release profile are shown in Figure 5.10. It is obvious that both profiles are 

very different, mainly due to the fact that the model does not take into account any 

dimensional changes due to swelling.

3.2.3 Release from gelucire E50/02 matrices

Gelucire 50/02 consists mainly of hydrophobic glycerides (80%) with only 20% of 

hydrophilic PEG esters. Figure 5.11 shows the release, the erosion and the swelling 

profiles of 50/02 matrices containing 30% drug. At 20 hours of dissolution, -10% of 

drug were released, 2.5% of matrix material eroded and only 5.6% of water penetrated 

the matrices. The release of drug probably occurred predominantly by diffusion of the 

drug through the water filled pores or channel created by the eroding matrices and the 

released drugs. The presence of PEG esters resulted in the matrices with higher 

hydrophilicity than pure glyceride matrices (43/01, 54/02), PEG esters could take up 

water, dissolve or swell, as seen in 50/13 and 55/18, thus creating channels for drug 

release, and as a result higher percentage of drug released from 50/02.

3.3 Effect of Test Conditions on Drug Release

Although most investigators usually followed the USP or BP dissolution test 

procedures, the agitation speeds and pH of the dissolution medium are usually varied 

from one study to another. It is then useful to examine their effects on the release 

profiles of drug from gelucire matrices (E samples). The dissolution method used was 

described under 2.3. The agitation speeds of 50, 100 and 150 rpm. were studied. The 

effect of pH was studied in distilled water (pH = 5.8) and O.IN HCl (pH = 1.25).
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theophylline. Keys : solid line, actual drug release; broken line, release profile 
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3.3.1 The effect of agitation speeds

Figure 5.12a, b and c illustrate the effect of agitation speeds on the release of drug 

from gelucire E55/18, E50/13 and E50/02 containing 30% drug, respectively. Since 

50/02 matrices released only 10% of drug, it is difficult to assess the difference between 

the release conducted at different agitation speeds. For other gelucires, the fraction of 

drug released at any time increased with the increase in rpm. The increase rpm. may 

facilitate diffusion by removing (or clearing) the released drug from diffusion layer 

(sometimes called boundary layer) near the surface of the matrices, thus resulting in 

greater diffusion gradient (see, for example. Baker and Lonsdale, 1974). For 55/18, the 

diffusion layer may exist for drug as well as for the polymer itself since 55/18 is soluble 

in water. Furthermore, for 50/13, the increase in agitation speed can directly increase 

erosion by increasing friction (or shear) force at the surface of the matrices.

3.3.2 The effect of pH

Figure 5.13a, b and c, respectively, compare the release of drug from gelucires 

E55/18 (containing 10% drug), E50/02 and E50/13 containing 30% drug, in water (pH 

= 6) with that in O.IN HCl (pH 1.2). The fractions of drug released from 55/18 and 

50/02 at any time were higher in water than in O.IN HCl, which may be attributed to the 

higher solubility of theophylline at higher pH (Cohen, 1975). From equation (1) and (2) 

the amount of drug released at any time is proportional to square root of its solubility in 

the dissolution medium. In addition, the solubility of the base (55/18) at different pH 

may also be important.

The fraction of drug released from 50/13 matrices were similar in water and in 

O.IN HCl over the majority of the profile (Figure 5.13c). This illustrated the domination 

of surface erosion over diffusion in gelucire 50/13. As long as the matrix could take up 

water, it would swell and weaken the adhesion of the matrix components, resulting in the 

erosion of the matrix and the release of drug.
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Figure 5.12 The effect of agitation speeds on the release of theophylline from 
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Figure 5.13 The effect of pH of the dissolution medium on the release of 
theophylline from gelucire matrices, (a) gelucire E55/18, (b) gelucire E50/13, and 
(c) gelucire E50/02. Keys : ■ distilled water, 0  O.IN HCl (pH = 1.2).
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3.4 The Effect of Cooling Rates

The difference of drug release from ambiently and slowly cooled gelucire matrices 

could be demonstrated directly in gelucire 55/18 and indirectly, by comparing the erosion 

rates of the matrices, in gelucire 50/13.

3.4.1 Gelucire 55/18 matrices

The fractions of drug released during the first four hours from A55/18 matrices 

were higher than those from E55/18 as shown in Figure 5.14. The difference could be 

found in the 2% drug loaded matrices but not in 30% drug loaded ones. Furthermore, 

after 4 hours the fractions of drug released from both A and E55/18 containing 2% drug 

were similar. Figure 5.15 shows the logarithmic plots of the release profiles of A and 

E55/18 matrices. The exponent n in equation (6) was equal to the slope of the regression 

lines (r > 0.998). The n-values, kj and k2 values from equation (5) calculated from the 

release data of A and E55/18 matrices were listed in Table 5.1.

At 2% drug loading, the exponent n (A55/18 ~ 0.5 and E55/18 = 0.7) and the ratio 

ki/k^ (0.01 and 1.39 for A and E55/18, respectively) indicated that the release of drug 

from A55/18 and E55/18 was dominated by diffusion and mixed kinetics (diffusion and 

dissolution of polymer), respectively. The results from DSC studies in Chapter 3 (Table 

3.3) showed that A55/18 had a higher AĤ  value than E55/18, ie. A sample had higher 

crystallinity (less amorphous fraction) and thus dissolved more difficultly in the 

dissolution medium. This allowed the swollen matrices to remain intact, hence diffusion 

of the drug prevailed. However, when 30% of drug were present, both n-values and kj/kj 

ratios were similar for A and E samples, indicating similar mechanisms of drug release 

in both samples. The value of n of 0.87 and 0.89 at 30% drug loading indicated that the 

release was dominated by the dissolution/swelling of the polymer (see 3.4.1).

The effect of cooling rate on the release of drug from dosage forms has been 

reported in the literatures. Chatham (1985) found a significant increase in the dissolution
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Figure 5.14 The effect of cooling rate on the release of theophylline from 
gelucire 55/18 matrices containing 2% drug. The difference of the release of drug 
from slowly and ambiently cooled matrices could only be seen during the first four 
hours of dissolution. Keys : ■  ambiently cooled matrices (E55/18),  ̂ slowly 
cooled matrices (A55/18).
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Figure 5.15 Logarithmic graphs of the release of theophylline from gelucire 
55/18 matrices containing 2% drug. The slopes of the regression lines were equal 
to the exponent n in equation (6). Keys : ■  ambiently cooled matrices (n = 0.71); 

 ̂ slowly cooled matrices (n = 0.52).
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rate of trimethoprim from PEG 4000 quenched in liquid nitrogen compared to slowly 

cooled samples. She attributed this to lower degree of crystallinity of quenched samples.

In controlled release formulations, Akhtar et al (1991) found the increase in the 

fraction released of a marker, methyl red (8% loaded), from poly-hydroxybutyrate (PHB, 

a bioerosion polymer) matrices with the decrease in the cooling rates used to produce the 

matrices. The difference, however, could be seen only during the first phase of release 

(= 4 hours). Microscopical examination of the matrices revealed the morphological 

differences of samples cooled differently. They suggested that during the slower 

crystallisation, greater amounts of drug were excluded from the spherulites to accumulate 

at the film surface, leading to a more rapid initial release of a marker from slowly cooled 

matrices.

Lin and Chen (1992) studied the release of theophylline from ethylcellulose 

microcapsules. Again, they found that the dissolution rate of theophylline increased with 

the decrease in cooling rates used to produce the microcapsules. They attributed the 

decrease found to the lower porosity of the faster cooled microcapsules (see eq.2). The 

interpretation about the differences in porosity was unlikely to be applied to gelucire 

matrices since the congealed matrices, theoretically, should not possess any pores.

3.4.2 Gelucire 50/13 matrices

Figure 5.16 shows that the erosion rate of A50/13 matrices was almost twice as fast 

as that of E50/13 matrices (13.8% and 7.2%/hour, respectively). The erosion profiles of 

both samples could be approximated by a constant rate process. The percent water 

uptake of A55/18 matrices was compared with that of E50/13 in Table 5.2. It was found 

that despite the equal amount of water entering the matrices, the erosion of A50/13 was 

faster. E50/13 matrices were, therefore, more able to accommodate water, ie. the 

adhesion between the matrix materials of E samples was stronger, in the presence of 

water, than A samples. This interpretation was compatible with the previous suggestion 

that the fast and slowly cooled matrices possessed different microstructures arising from 

different degree of segregation (see Chapter 3).
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Figure 5.16 The effect of cooling rate on the erosion of gelucire 50/13 matrices. 
The slopes of the regression lines were the erosion rate (in % per hour). Keys : 
■  ambiently cooled matrices, E5013 (correlation coefficient = 0.995, erosion rate 
= 7.2%/hour); 0  slowly cooled matrices, A50/13 (correlation coefficient = 0.995, 
erosion rate = 13.8%/hour).
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Table 5.2 Water uptake  ̂ of A and E50/13 matrices during dissolution test.

Time (hour) water uptake (%)

A50/13 E5013

1.0 43.8 ± 3.3 48.3 ± 3.3

2.0 63.9 ± 5.2 66.4 ± 3.8

4.0 104.6 ± 11.6 108.8 ± 15.4

6.0 186.5 ± 30.2 143.3 ± 6.6

8.0 _2 178.7 ± 6.4

12.0 2 308.2 ± 32.5

(1) in % w/w of water in dry base.
(2) A50/13 matrices completely eroded within 7 hours.
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The erosion of 50/13 matrices could be understood by comparison with the 

disintegration of compressed tablets which contain disintegrant. The disintegrant imbibes 

water, swells and thus creates tension in tablet. The speed at which the tablet will 

disintegrate depends on the compression force used to make that tablet when all other 

factors remaining unchanged. PEG esters, which are hydrophilic, can be analogous with 

a disintegrant but instead of causing tablet disintegration,' they cause surface erosion. The 

strength of the tablets can be analogous to the adhesion between the matrix materials in 

the presence of water. However, in Chapter 4 it was shown that one of the quality that 

indicates the strength of the matrices, the tensile strength, was higher in A than in E50/13 

(8.2 and 6.7 kg.cm'^, respectively. Table 4.3). The tensile strength, therefore, is not the 

only factor that determines the ability of gelucire 50/13 to withstand matrix erosion in 

the presence of water.

3.5 Effects of Ageing

Figure 5.17 and 5.18 show the release profiles of E55/18 and E50/13 matrices after 

storage at various periods of time, respectively, and Table 5.3 lists the time that 50% of 

drug were released from these matrices. It was clearly seen that the fractions of drug 

released at any time from 55/18 and 50/13 matrices increased after ageing for 180 days. 

The exponents n from equation (6) were also calculated for 55/18 systems. However, n- 

values did not change from those listed in Table 5.1. The release from 50/02 matrices 

containing 30% drug did not change during 90 days of storage.

It was suggested from the viscosity measurements that 55/18 might undergo 

degradation during ageing either by hydrolysis or breakage of PEG chains. Both routes 

of degradation led to products with higher water solubilities than PEG esters. As a result, 

the release of drug from 55/18 matrices, which was partly controlled by the dissolution 

of the polymer, should increase. Moreover, the decrease in the viscosity of the gel might 

increase the diffusion coefficient of the drug in swollen polymer and resulted in more 

rapid diffusion of the drug. It is known that diffusion coefficient of drug in any solvent 

is inversely proportional to the viscosity of that solvent (from Stokes-Einstein equation, 

see, for example, Florence and Attwood, 1988).
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Figure 5.17 The effect of ageing on the release of theophylline from gelucire 
E55/18 matrices, (a) 2% drug loading, (b) 30 % drug loading. Keys: ■ 1 day, ^ 

60 days, ▼ 180 days, 0  240 days.
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Figure 5.18 The effect of ageing on the release of theophylline from gelucire
E50/13 matrices containing 30% drug. Keys : ■ 1 day,  ̂ 60 days, ▼ISO days.
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Table 5.3 T50% (in hours)^ of the release of drug from various ambiently
cooled gelucire matrices after ageing for various periods of time.

Sample/
(% drug loading)

Storage time (days)

1 60 180 240

E55/18 (2%) 2.7±0.2 2.510.2 2.110.1 -

E55/18 (30%) 3.610.2 3.210.2 2.810.2 2.310.2

E50/13 (30%) 5.610.3 5.210.3 4.110.1 -

(1) T50% = time that 50% of drug were released from the matrices. They were read 
directly from the release profiles.
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The more rapid release from aged 50/13 matrices might be attributed to the 

weakening of the matrix adhesion as a result of structural changes (see Chapter 3). The 

weakening matrices could accommodate less water and thus faster matrix erosion and 

faster drug release occurred. It should also be noted that the tensile strength of the 

matrices decreased during storage but the viscosities of the molten bases did not.

3,6 Effect of Moisture

It was found in Chapter 3 that moisture played an important role in the structural 

changes of gelucire bases which contain PEG esters. The effect of moisture on the 

release of drug from the matrices kept under different relative humidity (0-10% and 80%) 

was therefore studied. The results are shown in Figure 5.19, 5.20 and 5.21 for E55/18, 

E50/13 and E50/02 matrices, respectively.

The release of drug from E55/18 matrices stored for 200 days at 80%RH was much 

faster than those stored at low humidity. The release from the matrices stored at high 

humidity was complete in 4 hours (Figure 5.19). The results suggested that the 

degradation of 55/18 was much accelerated in the presence of moisture and hence the 

faster drug release. This finding was consistent with the effect of moisture found from 

DSC results (Chapter 3, 3.8) and viscosity measurements (Chapter 4, Part 2 section 3). 

The reasons for the increase in release rate have already been discussed in 3.4 above (ie. 

increase polymer dissolution or decrease viscosities of the gels).

The E50/13 matrices stored for 60 days at 80%RH released the drug much faster 

than ones stored at low humidity conditions (Figure 5.20), being almost complete in 10 

hours. It was found from DSC studies that the thermal behaviour (DSC curve) of E50/13 

stored under 80%RH was similar to that of A50/13. It was also suggested there that 

moisture promoted a segregation of the components in E50/13 which led to the similarity 

between the structures of A50/13 and those of aged E50/13 stored at high humidity (see 

Chapter 3, 3.8). It would be therefore expected that some properties of E50/13 stored 

at high humidity condition would be similar to those of A50/13. Since the erosion rate 

of A50/13 was faster than E50/13 (see 3.3.2 above), the E50/13 matrices stored at high
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Figure 5.19 The effect of moisture on the release of theophylline from gelucire
E55/18 matrices containing 2% drug. Keys : ■ 1 day, ▼ kept 200 days at 0-
10%RH, V kept 200 days at 80%RH.
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Figure 5.20 The effect of moisture on the release of theophylline from gelucire
E50/13 matrices containing 30% drug. Keys : ■ 1 day,  ̂ kept 60 days at 0-
10%RH, A kept 60 days at 80%RH.
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Figure 5.21 The effect of moisture on the release of theophylline from gelucire
E50/02 maoices containing 30% drug. Keys : ■ (broken line) 1 day, V kept 60
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humidity conditions should show the increase in drug release. This was indeed 

confirmed in this study. The reasons why A matrices released drug faster than E 

matrices have already been discussed in 3.3.2.

Figure 5.21 shows the release profiles of E50/02 matrices stored for 60 days under 

high and low humidity conditions. The fractions of drug released from matrices stored 

at lower humidity tended to be higher than those stored at higher humidity and did not 

change from the release at 1 day. However, it is difficult to comment on such results 

since the maximum difference was only 2% of fraction released which was very small 

in comparison with the amount of drug present. In addition, the matrices released only 

10% of drug loaded and it was not certain that further release would follow this pattern. 

From the DSC studies, it was found that moisture also had an effect on the thermal 

behaviour of 50/02 and thus its microstructure (segregation or forming of solid solution). 

The difference in the release profiles of the matrices stored at high and low humidity 

condition was likely to be the result of structural differences.

While moisture caused an increase in drug release from 50/13 matrices it caused 

a decrease in 50/02. The changes of the release rate may be due to microstructural 

changes induced by moisture. It was somewhat unexpected that moisture would cause 

opposing effect on the release from 50/02 and 50/13 matrices. However, it should be 

remembered that the release of drug from 50/13 was erosion controlled whereas that from 

50/02 was diffusion controlled.

4. Conclusion

Theophylline was dispersed as discrete particles in all gelucires studied. The drug 

was released very slowly from hydrophobic gelucire 43/01 and 54/02. These matrices, 

which contain only glycerides, could not attract water. The matrix materials formed a 

rigid structure in which there was no pore or water channel for the drug to diffuse out. 

Therefore, the release of drug from these matrices will only occur for the drugs that have 

significant solubilities in the matrices according to Higuchi’s equation.
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Gelucire 50/02 matrices, which contain hydrophilic PEG esters, took up water, 

swelled or partially dissolved, thus creating water channels for drug diffusion. The 

amount of water entered the matrices, however, was not enough to cause extensive matrix 

erosion. In gelucire 50/13 matrices, the hydrophilic part attracted large amount of water 

that could overcome the adhesion of the matrix materials and hence the drug was released 

with the surface erosion of the matrices. Diffusion of the drug in the swollen matrices 

also occurred and caused the deviation of the release from a constant rate process which 

controlled it. It can be expected that the higher the solubilities of the drugs in water, the 

more significant diffusion will become. On the other hand, the mechanisms that 

controlled the release of theophylline from 55/18 matrices were diffusion and dissolution 

or swelling of the polymer. The contribution from the dissolution of the polymer 

increased with drug loading. Although, the release of drug from all gelucire matrices 

studied could be approximated by T^ kinetics, the release was controlled by more than 

one mechanisms. This indicated that, when the properties of the matrices changed during 

dissolution, for example, swelling or erosion occurred, merely fitting the data with 

mathematical models is not enough to fully understand the release mechanisms. Besides, 

it can be misleading.

Slowly cooled 55/18 matrices released the drug faster than ambiently cooled 

matrices during the first four hours of dissolution test. Furthermore, the release from 

slowly cooled matrices was diffusion controlled whereas that from fast cooled matrices 

was erosion-diffusional controlled. The differences may be attributed to the difference 

in degree of crystallinity and/or the morphologies. Slowly cooled 50/13 matrices were 

also found to erode faster than the fast cooled ones, presumably because of the stronger 

adhesion in the latter.

The rate of drug release from 55/18 and 50/13 matrices increased during storage, 

especially in the presence of moisture. Polymer degradation in 55/18 led to the polymer 

gel with higher water solubility and lower viscosity, and hence the increase in polymer 

dissolution and drug diffusion in 55/18 matrices. The changes in microstructures of 

gelucire 50/13 resulted in weaker matrices that can accommodate a smaller amount of 

water leading to faster matrix erosion.
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The possibility of using low frequency dielectric spectroscopy as a mean of 

studying the physical properties of gelucires in solid state was examined in this chapter. 

Dielectric measurements were made on the slowly and the ambiently cooled samples of 

freshly prepared and aged samples which had been already characterised with other 

techniques. In addition, the dielectric properties of the matrices containing theophylline 

were also investigated. The effect of humidity of the measuring environment on the 

dielectric response of the samples was also reported.

1. Introduction

1.1 Dielectric Spectroscopy

The technique of dielectric spectroscopy has recently been applied to the studies of 

pharmaceutical systems, such as PEGs and their solid dispersions (Chatham, 1985; Craig, 

1988; Craig et al, 1993), gels (Dissado et al, 1987), liposome (Barker et al, 1989, 1990), 

drug dispersion in PVP (Lievens et al, 1991), membrane interactions (Smith and Olliff, 

1989), and B-cyclodextrin (Craig et al, 1992). The pharmaceutical applications of the 

technique was discussed by Craig et al (1990) and the detailed theory behind the 

technique was described by Dissado and Hill (1979). A short discussion on the technique 

is given below.

A molecule can maintain a separation of electric charges either by an induction by 

external electric field or by a permanent charge separation within a polar molecule. The 

molecule is then said to have an induced or permanent dipole, respectively, and a 

material containing such molecules can be called a dielectric. If a voltage is applied to 

a sample, the dipoles within the sample will attempt to align themselves in the direction 

of the field. This is known as polarisation, and the study of the nature and the extent of 

this response forms the basis of dielectric spectroscopy.
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Polarisation is a time dependent phenomenon. It can arise from different 

mechanisms, for example, a small displacement of the electron with respect to the 

nucleus, a distortion of the arrangement of atomic nuclei within the molecule or lattice 

or the reorientation of the molecule. If a sample is examined at various frequencies, the 

degree that each polarisation mechanism responds will vary with frequency. The nature 

of the molecules, and the environments surrounding that molecule determine the dielectric 

response. The rate of change of polarisation with respect to electric field, dP/dE, is the 

relative dielectric permittivity which can be expressed in the form

e(co) = %((o) 4- e(oo) (1)

and X(cû) = %' (cû) - i%"(co) (2)

where e(oo) is the infinite frequency permittivity, and x(co) is the complex susceptibility 

of the polarizable sample that is being examined in the ac field of frequency co. The 

complex form of the susceptibility arises from the relative phase response of the sample. 

The real part (x'(Cù)) is out of phase with the applied voltage whereas the imaginary or 

loss component (x"(co)) is in phase.

In practise, the dielectric response of a sample is measured in a capacitance cell, 

conventionally consisting of two electrodes of parallel plate geometry with plate area A 

and spacing d. The oscillating field is applied to the sample over a wide range of 

frequency and usually the capacitance (C) and the conductance (G) are monitored. The 

real and the imaginary part of susceptibility can be related to the capacitance and the 

conductance by equation 3 and 4.

C(co) = eJx '(co ) + e H ]  = (3)

^  = -^ X "(co ) = e eI'±  (^)
CO d  '  d

where e„ is the permittivity of free space (8.85xlO*‘̂ Fm'^), and are the real and the 

imaginary parts of the permittivity of the sample, respectively.
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The conventional analysis of the dielectric response is based on Debye’s model 

(single relaxation time) or its variations based on a distribution of relaxation times. It 

is assumed that a relaxation time can be associated with the rotation of each dipole. The 

Dissado-Hill’s theory of relaxation, however, considers that, in addition to dipole 

orientation, relaxation of dipole requires cooperative motions of the surrounding structural 

matrix to form a cluster response, and that there is an interaction between these clusters. 

The indices m (or p) and n, which are related to the structural geometry, can be obtained 

from the susceptibility data and permit a more fundamental interpretation of the data. 

The mathematical details associated with both models will not be presented here but can 

be found in the works by Chatham (1985), Dissado et al (1987) and Craig (1989).

Of more interest to pharmaceutical scientists is the physical interpretation of the 

dielectric parameters. In other words, how the parameters such as relaxation time, m and 

n or the geometry of cluster and their interactions can be correlated with any particular 

phenomena, structures or microstructures within the samples. The obvious examples of 

the application of Debye’s model and its variations can be found below in 1.2 on the 

interpretation of Crowe and Smyth (1950a, b, 1951). On the other hand, the correlation 

of the parameters from the Dissado-Hill theory to specific structures was provided by 

Dissado et al (1987) on the work on heterogeneous gels and the works on liposome 

(Barker et al, 1989, 1990).

1.2 The Dielectric Behaviours of Glycerides

The dielectric properties of a few glycerides in solid state at frequencies of 0.5 to 

50 kHz were investigated and correlated with existing X-ray diffraction and thermal data 

by Crowe and Smyth (1950a, b, 1951). These studies are the only sources of dielectric 

information available for glycerides. The studies were largely involved with monitoring 

the change of dielectric constant (s') within a wide range of temperatures. Essentially, 

Crowe and Smyth found that the different polymorphic forms, e.g. a , B' and 6, of 

glycerides had different values of dielectric constant. By scanning the values of e' with 

temperature, they were able to identify the temperature that the polymorphic transition 

occurred from the abrupt change in e'. In addition, they also studied the dielectric
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behaviour of each polymorphic forms. Parkash and Blanshard (1974) adopted the same 

principle and were able to identify the 5 polymorphic forms of trierucin. They also 

suggested that the dielectric loss studies may reveal more information than the 

permittivity measurement since there were more discontinuity in the graph of loss (£") 

versus temperature. Below are the detailed summary of the findings and the 

interpretations of Crowe and Smyth (1950a, b, 1951).

The a-form of 1-monoglycerides, which possess two free hydroxyl groups near the 

end of the molecule and thus are highly hydrogen bonded, had a high dielectric constant 

and conductivity comparable to that of liquid monoglycerides. It would appear therefore 

that the molecules possess freedom of movement, probably about their long molecular 

axes, comparable to that of the liquid. It was suggested that such rotational freedom 

offered an optimum configuration conductive to the transfer of protons along the planes 

of hydroxyl groups located in the crystals and hence a high conductivity. The proposed 

proton transfer mechanisms were similar to that occurring in long-chain alcohols which 

are also hydrogen bonded and possess hydroxyl groups at one end. The more stable 6' 

or 6-forms possessed dielectric constants low enough for them to be considered as non

rotators.

The high conductivity and polarisation observed in the solid forms of the long-chain 

alcohols and 1-monoglycerides were not seen in 1,3-diglycerides (see Chapter 1 for 

polymorphic forms of glycerides). It was assumed therefore that no solid rotator forms 

exist, and consequently, little or no proton transfer was possible, even though hydroxyl 

groups are present. In contrast, the values of the dielectric constants of the a-form of 

tripalmitin and tristearin were lower than those in liquid but high enough to show the 

existence of a certain amount of dipole orientation freedom. In the case of 

monoglycerides, it would be reasonable to attribute dipole orientation to rotation of the 

molecules about their long axes, but such rotation appeared to be impossible in 

triglycerides (see later and also 3.1 in Chapter 1). Crowe and Smyth (1950b), therefore, 

attributed the orientation of a-form of triglycerides to the movement of molecular 

segments, such as the COO- group, as has been assumed in the case of polymers.
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It should be pointed out here that although the rotation of tri- and diglycerides 

chains along their axes seems to be out of question due to structural limitation (see 

Figure 1.2, 1.4 and related texts in Chapter 1), the a-form of triglycerides is thought to 

be oscillating with high degree of molecular freedom (Chapter 1). This fact was not 

realised in 1950. Besides, 1,3-diglycerides do not exist in a-form, and it is not surprising 

that solid rotators were not found. However, this does not invalidate the orientation of 

molecular segment mechanism proposed by Crowe and Smyth (1950b, 1951).

The low frequency dispersion (frequency dependence) of the dielectric constant was 

observed in mono- and triglycerides. This phenomenon is especially prevalent in the 

long-chain alcohols and has been attributed to Max well-Wagner polarisation between two 

solid phases with different conductivities and dielectric constants. Crowe and Smyth 

(1950a, b, 1951), by studying the pure polymorphic forms, suggested, however, that the 

dipole orientation process involved a wide distribution of relaxation times which could 

easily result from orientation of various segments of the molecules.

They also suggested that the frequency dispersion effect should be dependent to 

some extent upon the size and shape of crystals. Since the solid fats consist of a large 

number of crystals of various size and shapes, the application of an electric field would 

induce a displacement of charge in each due to displacement of protons. When the field 

changed direction, this displacement would be reversed. Each crystal then acted as a 

macroscopic "dipole". The average extent of the separation of charges in these "dipoles" 

depended on the time the field remained in one direction and thus on the frequency. As 

the frequency was increased, the separation of charges decreased, and as a consequence, 

the decrease in the apparent dielectric constant. At a sufficiently high frequency, the 

displacement became so slight that only the orientation of the molecule themselves can 

contribute to the dielectric constant.

1.3 Impurities in Gelucires

Under an electric field, all polarisable species will give response, including 

impurities within the samples. The dielectric technique was first used in the studies of
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polymorphic behaviour of glycerides in 1950 (Crowe and Smyth, 1950a). However, to 

date only a few studies have been performed. Chapman (1962) commented that only 

small amounts of impurities in glycerides could give misleading results in the dielectric 

studies. It is, therefore, useful to consider the nature of "impurities" in gelucire samples.

Apart from glycerides and PEG esters, most of gelucires contain free fatty acids 

(Table 1.1 in Chapter 1, the acid value) and glycerol as impurities. The amounts by 

weight of free acids calculated as C14 equivalence are estimated to be 1.5-2% in 

glycerides mixtures (such as 43/01, 54/02) and less in mixture of glycerides and PEG 

esters. Glycerol, which is a polar molecule (though less polar than water), contributes 

to about 0.5-1.5% w/w. In gelucires which contain PEG esters (e.g. 50/02, 50/13), 1- 

8%w/w of free PEG and 0.5%w/w of water can be expected (see also Table 2.1 Chapter 

2). Trace metals, such as iron and zinc, and alkaline impurities are present in the order 

of ppm (parts per million). It is not known whether these impurities will exert any 

significant effect on the dielectric response of gelucires or not. They are, however, listed 

here for the sake of completeness.

The aim of the present work is mainly to explore the possibility that the dielectric 

technique can be used in the characterisation of complex mixtures in solid state such as 

gelucires. The samples subjected to the dielectric measurement have been previously 

characterised and considerable amounts of the information are known about the samples 

(see Chapter 2-5).

2. Experimental Methods

2.1 Sample Preparation

Samples were fabricated into flat faced moulded tablets of diameter 1.25cm and 

height 0.40-0.42cm. The methods used to prepare pure gelucire tablets and mixtures of 

gelucires and drug were detailed in Chapter 4 (section 2.1) and Chapter 5 (section 2.2),
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respectively. Only method A and method E were used in the studies. It should be noted 

that the thickness of the samples used here is less than that used in previous Chapters. 

Thin compact strips (length:widthrthickness = 1.5:1.0:0.21cm., weight = 2.2g, pressure 

= 10kg) of theophylline were prepared for the dielectric measurements of drug.

Both sides of tablets (top and bottom) were coated with conducting silver loaded 

epoxy, enabling the electrical wires to be connected to the tablets, hence the coated sides 

acted as the electrodes. The silver loaded epoxy (RS Components, Northants) contains 

epoxy resin and a polyamide complex as a hardener. After the wiring, the tablet was 

kept for 24 hours in the cabinet over silica gel so that the epoxy could be hardened. The 

ratio of surface area to thickness (A/d) of all tablets used is approximately 0.029m. After 

dielectric measurement, samples were stored as described in Chapter 3 section 2.2.

2.2 Dielectric Measurement

The sample was connected to the measuring box via the wiring described in 2.1. 

An alternating current was generated by a frequency response analyser (FRA; Solatron, 

London) and passed through the sample via a Chelsea Interface (Chelsea Dielectric 

Group, London). The returning signal was analysed by the FRA to allow the calculation 

of the capacitance (C) and loss (G/co). The FRA is connected online to the computer and 

thus the results were automatically calculated and output plot of Log C and Log (G/co) 

versus Log (frequency) were immediately produced together with data printout. 

Preliminary studies suggested that a minimum potential that gave good, noise-ffee signal 

was a O.IV rms signal for gelucire 55/18 and 50/13 and a IV rms signal for gelucire 

43/01, 50/02 and 54/02 and thus were used throughout the studies.

Unless otherwise stated, the dielectric responses of the samples were measured at 

20°C at 5% relative humidity over the frequency range of 10̂  to 10  ̂ Hz. At each 

frequency, the dielectric response was automatically measured at least three times. The 

temperature and humidity was controlled by placing the sample (and the measuring box) 

in an Environmental Cabinet (Fison Environmental Equipment). At least two tablets 

were measured for each sample.
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2.3 The Effect of Environmental Humidity on Dielectric Measurement

The dielectric response of samples was measured at the relative humidities of 65% 

and 5% within the measuring cabinet. Samples used for the studies were ambiently 

cooled gelucires which were kept for 60 days at room temperature over silica gel. The 

first dielectric measurement was made at 5%RH (in environmental cabinet), the sample 

was then taken out of the cabinet and the humidity was adjusted to 65%RH. The sample 

was then put back to the cabinet and the second measurement was made. Finally, for 

gelucire 50/13 only, while the sample was still in the cabinet, the humidity was adjusted 

back to 5%RH and the third measurement was made.

3. Results and Discussions

3.1 The Dielectric Responses of Gelucire Samples

Figure 6.1 to 6.5 show the typical dielectric responses of various gelucires and 

Table 6.1 to 6.5 list the characteristic values associated with the dielectric responses. In 

all cases, the principal features observed in the dielectric spectral response were an 

anomalous low frequency dispersion of the capacitance, with the capacitance and the loss 

curves crossing at a characteristic frequency (coj. The analysis of the response was based 

on the assumption of charge movement occurring between clusters of dipoles (see 

Introduction) and can be described in the following manner. For frequency lower than 

the characteristic frequency

X'(co) oc %""(o)) œ '’ 0 < p < 1 (5)

and for frequency greater than the characteristic frequency

X'(co) oc x'%0)) oc 0 < n < 1 (6)
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loss of ambiently cooled sample (E43/01); ■, a capacitance and loss of slowly
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Figure 6.3 Dielectric response of gelucire 50/02. Keys : □, A capacitance and

loss of ambiently cooled sample (E50/02); ■,  ̂ capacitance and loss of slowly
cooled samples (A50/02).



Chapter 6 ... Dielectric Studies / 259

(/)
CO

_o
0)oc(O

4—»

Ü<o
CL
(QO
cn
o

- 7

- 8

- 9

- 1 0

- 1 1

- 1 2

13

- 1 4

■ A

A  A

&A &
2*A2

I I I I I . I I I I ■ I ■ I

- 3  - 2  -1 0 1 2 3 4 5 6

Log frequency (Hz)

Figure 6.4 Dielectric response of gelucire 50/13. Keys : □, A capacitance and

loss of ambiently cooled sample (E50/13); ■,  ̂ capacitance and loss of slowly
cooled samples (A50/13).



Chapter 6 ... Dielectric Studies / 260

- 7

- 8

rr - 9

(/}
IT)

<DÜC
+-»
Ü(O
CL
cao
O)
o

- 1 0

- 1 1

- 1 2

-13

- 1 4

'■SS
3 = .

J I L I I I i I I I I I I i  I

- 3  - 2  -1 0 1 2 3 4 5 6

Log frequency (Hz)

Figure 6.5 Dielectric response of gelucire 55/18. Keys : □, A capacitance and

loss of ambiently cooled sample (E55/18); ■, a capacitance and loss of slowly
cooled samples (A55/18).



Table 6.1 Characteristic values associated with the dielectric response of gelucire 43/01.

Sample C (F) X lO'z 
at 4 log Hz

C(F) X 10': 
at -1 log Hz

G (Mho)x 10" 
at 41og Hz

Slope C 
1 to -2 log Hz

Slope G/co 
1 to -1 log Hz

E43/01 1 day 0.79 1.45 0.63 -0.098 -0.181

A43/01 1 day 0.72 2.24 0.63 -0.214 -0.350

E43/01 60 days 0.59 1.41 0.55 -0.145 -0.225

A43/01 60 days 0.68 3.16 0.56 -0.276 -0.475

E43/01 60 days 
(80%RH) 0.74 1.86 0.75 -0.145 -0.215

E43/01 + 2% drug 0.89 2.13 0.84 -0.147 -0.253

E43/01 + 30% drug 0.78 1.66 0.67 -0.142 -0.338
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Table 6.2 Characteristic values associated with the dielectric response of gelucire 54/02.

Sample C (F) X 10'" 
at 4 log Hz

C(F) X 10'" 
at -1 log Hz

G (Mho)x 10" 
at 41og Hz

Slope C 
1 to -2 log Hz

Slope G/co 
2 to 0 log Hz

E54/02 1 day 0.96 2.69 2.50 -0.140 -0.219

A54/02 1 day 0.87 10.5 4.66 -0.337 -0398

E54/02 60 days 0.87 2.57 2.04 -0.150 -0.218

A54/02 60 days 0.96 4.57 Z08 -0.248 -0.199

E54/02 60 days 
(kept at 80%RH) 1.23 4.78 12.54 -0.166 -0.325

Î
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Table 6.3 Characteristic values associated with the dielectric response of gelucire 50/02.

Sample C (F) X 10': 
at 4 log Hz

C(F) X 10': 
at -1 log Hz

G (Mho)x 10" 
at 41og Hz P n

E50/02 1 day 0,91 3.02 1.20 0.922 0.560

A50/02 1 day 0.85 4.07 0.97 0.797 0.564

E50/02 60 days 0.89 3.16 0.97 0.885 0.586

A50/02 60 days 0.93 3.80 1.44 0.856 0,582

E50/02 60 days 
(kept at 80%RH) 1.02 21.3 8.11 &888 0.540
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Table 6.4 Characteristic values associated with the dielectric response of gelucire 50/13,

Sample C (F) X lO'z 
at 4 log Hz

C(F) X 10'" 
at -1 log Hz

G (Mho)x 10̂  
at 41og Hz P n

E50/13 1 day 1.48 40.7 30.11 0.901 0.522

A50/13 1 day 1.35 408 29.42 0.872 0.430

E50/13 60 days 1.55 36.3 27.47 0.799 0.600

A50/13 60 days 1.26 190 20.81 0.806 0.463

E50/13 60 days 
(kept at 80%RH) 4.47 2060 213.08 0.935 0.463

E50/13 2% drug 1.62 42.7 30.11 0.900 0.422

E50/13 30% drug 1.32 17.4 16.53 0.905 0.537
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Table 6.5 Characteristic values associated with the dielectric response of gelucire 55/18.

Sample C (F)xlO'^ 
at 4 log Hz

C (F)xlO'" 
at -1 log Hz

G (Mho)xlO" 
at 4 log Hz

G (Mho)xlO' 
at -1 log Hz

Slope C 
1 to -1 log Hz

Slope G/co 
2 to -2 Log Hz

E55/18 1 day 0.96 40.7 338 0.09 -0.567 -0363

A55/18 1 day 0.98 603 330 0.11 -0.601 -0.744

E55/18 60 days 0.87 8.51 1.23 0.010 -0.458 -0.727

A55/18 60 days 0.98 10.5 1.31 0.011 -0.474 -0.739

E55/18 60 days 
(kept at 80%RH) 15.8 193 27.47 1.43 -0.547 -0.870

E55/18 + 2% drug 1.02 47.9 535 1.01 -0.556 -0.765

E55/18 + 30% drug 0.98 18.5 2.81 0.04 -0.468 -0.757
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The parameter n is a measure of the structure order or the homogeneity within the cluster 

response, and p measures the extent to which one cluster can affect others in its 

environment and can be thought as the efficiency with which a dipolar displacement can 

be exchanged between clusters.

Not all of the dielectric responses of the gelucire samples may be analysed as 

described above. The loss curves of gelucire 43/01 and 54/02 appeared to consist of a 

few peaks, which presumably indicated the complexity of the mechanisms of the 

responses. The crossover frequencies of E43/01 and E54/02 were almost out of 

experimental frequency ranges, which made the determination of the values of slope 

below cOc difficult.

The dielectric spectrum of gelucires differed from one gelucire to another (Figure

6.1 to 6.5). Gelucires with high HLB (50/13 and 55/18) showed much higher response 

(in term of capacitance and conductance) than those with low HLB values. However, 

examination of the values of capacitance and conductance (of both E and A samples) in 

Table 6.1 to 6.5 showed that no simple relationship could be claimed between the 

dielectric responses and the values of HLB of gelucires which reflect the polarity of the 

samples. The values of both capacitance and conductance of gelucire 55/18 were lower 

than those of 50/13 in spite of the higher HLB value of 55/18. Furthermore, the value 

of conductance of 54/02 (at 41og Hz) appeared to be higher than that of 50/02 despite 

their equal HLB values.

3.2 The Effect of Cooling Rates on Dielectric Response

Figure 6.1 to 6.5 show the dielectric responses of ambiently cooled (E sample) and 

slowly cooled (A sample) gelucires at 20°C and 5%RH. Tables 6.1 to 6.5 give the 

characteristic values associated with the dielectric responses of the samples. The values 

of slope in these tables were calculated from the regression lines (r > 0.995 in all cases) 

at specified frequency ranges. It was shown in the previous chapters that E and A 

samples possessed different microstructures. It can be seen from Figure 6.1 to 6.5 and 

Table 6.1 to 6.5 that the dielectric responses of ambiently (E) and slowly cooled (A)
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samples were also different. In general, the values of capacitance (C) at the low 

frequency regions were higher in the slowly cooled samples than in the ambiently cooled 

samples. This was seen as the higher values of slope of log C spectra at low frequency 

(Table 6.1 to 6.5).

As it was demonstrated in previous chapters that the degree of segregation and solid 

solution formation in A and E samples were different. The formation of a solid solution 

between two components might affect charge distribution within the molecules of both 

"solute" and "solvent". This could well alter the polarisibility of those molecules, causing 

them to response differently to the electric field. Furthermore, as suggested by Crowe 

and Smyth (1950b), the low frequency dispersion effects might be dependent on the size 

and shape of crystals, both of which were different in A and E samples. The existence 

of different polymorphic forms in A and E samples (excluding 55/18) might also have 

a role in the dielectric responses of the samples.

3.2.1 Gelucire 43/01 and 54/02

Gelucire 43/01 is a mixture of triglycerides, hence it is not surprising that both the 

values of conductance and capacitance were very low. The dielectric constant of A and 

E samples, which were calculated from equation (3) using the value of capacitance at 

10,000 Hz, were 2.82 and 3.09, respectively. It might appear therefore that A samples 

consist of more stable polymorphs than E sample since, according to Crowe and Smyth 

(1950b), the more stable polymorphic forms of triglycerides have higher dielectric 

constant than the less stable ones. This interpretation is in accordance with the AHf 

values of the samples shown earlier in Table 3.3. The same interpretation can be applied 

to 54/02 whose dielectric constant were 3.39 and 3.72 for A and E samples, respectively. 

In addition, the dielectric constants of 54/02 were higher than 43/01 because the former 

consists of di- and monoglycerides which have higher dielectric constant than 

triglycerides (see 1.2 above).

As mentioned earlier, the loss spectrum of 43/01 and 54/02 could be divided into 

a few portions. The values of slopes at the mid frequency ranges (0.1 to 10 Hz for 43/01
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and 1 to 100 Hz for 54/02; Table 6.1 and 6.2) of A and E samples were apparently 

different.

3.2.2 Gelucire 50/02 and 50/13

Figure 6.3 and 6.4 show the dielectric responses of 50/02 and 50/13, respectively. 

The value of p and n calculated from the loss curves using equation (5) and (6), 

including other characteristic values associated with the dielectric responses of 50/02 and 

50/13, are shown in Table 6.3 and 6.4. Both gelucires are mixtures of glycerides and 

PEG esters but in different proportions (see Table 2.1 in Chapter 2).

The spectra indicated a quasi-d.c. process with a characteristic frequency (CDj.) at 

0.1 Hz for A and E50/02, and about IHz and 178Hz for E and A50/13, respectively. In 

general, the quasi-d.c. process describes charge transport in a system which approaches 

homogeneity on a large scale, but is highly heterogeneous on a local or microscopic scale 

(Dissado et al, 1987). In both gelucires, the higher values of p in E samples in 

comparison with A samples indicated that charge movement between clusters took place 

relatively more easily in E samples. On the other hand, the value of n of both gelucires 

were low (-0.5), indicating a low degree of correlation within the dipole clusters. It 

should be also noted that the cooling rates affected the values of n of 50/13 but not that 

of 50/02 (Table 6.1 and 6.2).

3.2.3 Gelucire 55/18

The dielectric spectra of 55/18 are shown in Figure 6.5 and the characteristic values 

in Table 6.5. The dielectric responses of A and E samples appeared to be similar except 

for the values of capacitance at low frequency, e.g. less than IHz, where the values of 

capacitance and conductance of A sample were greater than those of E sample. The loss 

spectrum of A and E samples possessed only one value of slope above and below the 

cross over frequency (= lOOHz).
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Gelucire 55/18 is polyoxyethylene stearate. Previous DSC studies suggested that 

it still retains many of the properties of its PEGs backbone (see Chapter 3). The 

dielectric spectrum of 55/18 were also similar to those of PEGs, including PEG 6000 

reported by Craig (1989), although the values of capacitance and conductance were about 

an order of magnitude lower in 55/18 than in PEG 6000. Chatham (1985) has suggested 

that the low frequency response of PEG 4000 may be associated with the hydroxyl end 

groups which are rejected from the crystalline lamellae. Craig (1989) also found a 

decrease of conductance at low frequency with increasing chain length of PEGs, which 

can be associated with the decrease in the relative proportion of hydroxyl end groups. 

Gelucire 55/18 possessed bulky fatty acids end groups and a limited numbers of hydroxyl 

end groups (in PEG monostearate) and thus showed lower values of conductance and 

capacitance than those of PEGs.

3.3 The Effect of Surrounding Humidity on Dielectric Response

Figure 6.6 to 6.10 show the dielectric responses of gelucire samples measured at the 

relative humidity of the environmental cabinet of 65% and 5%. In each figure, the 

measurements were performed on the same tablet to eliminate the variations that may 

arise from the difference in the physical properties between the tablets themselves. It is 

obvious that in general the values of both the capacitance and the conductance were 

greater in high humidity condition, especially in the low frequency regions. The response 

of gelucire 43/01, which contains only hydrophobic triglycerides, appeared to be 

unaffected by the level of humidity. The effect of humidity was only apparent in 

gelucires which contain the compounds capable of hydrogen bonding with water, ie. PEG 

esters, mono- and diglycerides.

To clarify the role of a surrounding humidity, gelucire 50/13 was subjected to 

humidity cycling as described in 2.3. It was found that the dielectric response of the first 

and the third measurement (at 5%RH) were superimposible. This indicated that water 

was only transiently adsorbed, presumably at the surface of the gelucire tablet. The 

process was therefore reversible. Water provideed an extra route for the charge transfer 

process, leading to higher electrical conduction in samples exposed to high humidity.
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Figure 6.6 Dielectric response of gelucire 43/01 (E sample) measured in high 
and low humidity conditions. Keys : □ , A  capacitance and loss measured at 

65%RH condition ; ■, ^ capacitance and loss measured at 5%RH.
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Figure 6.7 Dielectric response of gelucire 54/02 (E sample) measured in high
and low humidity conditions. Keys : □, A capacitance and loss measured at

65%RH; ■,  ̂ capacitance and loss measured at 5%RH.
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Figure 6.8 Dielectric response of gelucire 50/02 (E sample) measured in high
and low humidity conditions. Keys : □, A capacitance and loss measured at

65%RH ; ■,  ̂ capacitance and loss measured at 5%RH.
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Figure 6.9 Dielectric response of gelucire 50/13 (E sample) measured in high
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Figure 6.10 Dielectric response of gelucire 55/18 (E sample) measured in high
and low humidity conditions. Keys : □, A capacitance and loss measured at

65%RH; ■,  ̂ capacitance and loss measured at 5%RH.
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It was also seen in Figure 6.7 to 6.10 that the crossover frequency, where log C 

curve and loss curves crossed, shifted to higher frequency at higher humidity. The same 

influence of adsorbed water on the dielectric response was found by Ramdeen et al 

( 1984) in the study of water adsorption onto ceramic materials. They suggested that the 

cross over frequency (the characteristic frequency, cô ) was the ionisation-recombination 

rate of nearly free charges which were responsible for low frequency dispersion seen. 

Water facilitated the ionisation hence increasing cô..

3.4 The Effect of Ageing

The dielectric response of gelucires samples aged for 60 days at 0% and 80%RH 

were measured (at 5%RH of the measuring cabinet) and the results are shown in Figure 

6.11 to 6.15. The values associated with the response can be found in Table 6.1 to 6.5. 

Generally, samples stored at 80%RH for 60 days had greater responses in terms of the 

values of capacitance and conductance than ones stored at 0%RH for the same periods 

of time throughout the range of frequencies studied. The values of capacitance and 

conductance of aged samples stored at 0%RH were usually slightly lower than those of 

freshly prepared samples while those stored at 80%RH were much higher. In addition, 

the crossover frequencies of the samples stored at 80%RH shifted towards the higher 

frequencies (Figure 6.12 to 6.15) while those stored at 0%RH remained unchange in this 

respect. It should be noted also that the differences in the dielectric responses of A and 

E samples still remained after 60 days (stored at 0%RH, Table 6.1 to 6.5).

The above results suggested that the higher response in samples stored at 80%RH 

might be due to the absorbed water. The amounts of water absorbed from the 

atmosphere after storage for 30 days under 80%RH of gelucires bases were shown in 

Table 6.6. About ten moulded tablets (=1.25x0.65-0.68cm) each were stored at 0% and 

80%RH for 30 days and the weight gained were reported as the percent water absorption. 

It was thought that a hydrophobic gelucire 43/01 also absorbed water whose amount was 

so small that it could not be accurately detected by gravimetric method (weighing). The 

dielectric response of 43/01 stored at 80%RH, however, showed a slightly higher 

response than that stored at 0%RH. Although triglycerides are hydrophobic and
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Figure 6.11 Dielectric response of gelucire 43/01 (E sample) after ageing for 60
days. Keys: □, A capacitance and loss of sample stored at 80%RH ; ■, a
capacitance and loss of sample stored at 0%RH.



Chapter 6 ... Dielectric Studies / 277

to
to
_o
0)Üc(O

4 — '

Ü(O
Q .
COO
O)
O

- 7

- 8

TT - 9

- 1 0

-1 1

- 1 2

- 13

- 1 4

▲ So

g ssB
A  A

A A

A  A

I I I I I I I L_ J , L

—3 —2 —1 0  1 2 3 4 5 6

Log frequency (Hz)

Figure 6.12 Dielectric response of gelucire 54/02 (E sample) after ageing for 60
days. Keys: □, A capacitance and loss of sample stored at 80%RH ; ■, ^
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Figure 6.13 Dielectric response of gelucire 50/02 (E sample) after ageing for 60
days. Keys: □, A capacitance and loss of sample stored at 80%RH ; ■, ^
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Figure 6.14 Dielectric response of gelucire 50/13 (E sample) after ageing for 60
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Figure 6.15 Dielectric response of gelucire 55/18 (E sample) after ageing for 60
days. Keys: O, A capacitance and loss of sample stored at 80%RH ; ■, ^
capacitance and loss of sample stored at 0%RH.
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Table 6.6 The amount of water absorbed by various gelucires after storage 
for 30 days at 80% relative humidity.

Gelucire water absorbed^*  ̂
(%w/w of dry bases)

43/01 <0.02

50/02 0.52

50/13 1.12

55/18 0.65

(1) Since all samples stored at 0% relative humidity, which were 
controlled groups, actually loose about 0.01 to 0.02% of their weights, 
the value of 0.02% gained weight in gelucire 43/01 might be within 
experimental error.
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incapable of hydrogen bonding, 43/01 contains glycerol which is very hygroscopic and 

thus could absorbed trace amounts of water.

Ramdeen et al (1984) found that the characteristic frequency of the dielectric 

response of ceramic material tended to decrease with desiccation times. The longer the 

desiccation times, the greater degree of water desorption from the material hence the 

changes of dielectric response. In the light of the study of Ramdeen et al (1984) and the 

evidence found in this study concerning the influence of water (both adsorbed and 

absorbed water) on the dielectric response of gelucires, it is then difficult to separate the 

effect due to changes in physical structure on ageing from those due to moisture. The 

slight changes in dielectric response of gelucire samples (both A and E) stored over silica 

gel (0%RH) for 60 days in comparison with those at 1 day could be a result of water 

desorption from gelucires. On the other hand, since it was known that there were 

structural changes of samples during storage, these could also affect the dielectric 

responses of aged samples.

3.5 Dielectric Responses of Gelucire-Drug Mixtures

The dielectric spectrum of theophylline compacts are shown in Figure 6.16 and the 

characteristic values in Table 6.7. The values of capacitance were constant throughout 

most of the frequency ranges studied except for a slight dispersion below 0.1 Hz. The 

value of capacitance at 10"* Hz was slightly higher than those of all gelucire samples 

studied. The dielectric responses of gelucire-drug mixtures are shown in Figure 6.17 to 

6.19 and the associated characteristic values in Table 6.1, 6.4 and 6.5. In general, the 

presence of 2% drug enhanced the response as seen from the slight increase in the values 

of capacitance and conductance in comparison with those of gelucires alone. At 30% 

drug loading, however, the response was slightly depressed.

From the DSC studies of gelucire-drug mixtures, no evidence of solid solution or 

eutectic formation was found. The spectrum of the dielectric response of gelucire-drug 

mixtures, though being different in magnitude, had the same shape as those of gelucire 

alone. If a eutectic or solid solution were present, then it would be expected that a
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Figure 6.16 Dielectric response of theophylline. Keys : □, capacitance ; A, loss.
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Table 6.7 Characteristic values associated with the dielectric response of 
theophylline compact.

Capacitance (F) at 4 log Hz 1.55 x 10'*̂

Capacitance (F) at -1 log Hz 2.04 x 10^^

Conductance (Mho) at 4 log Hz 1.12 x 10 ^

Conductance (Mho) at -1 log Hz 3.01 x 10'̂ ^

Slope G/co 1 to -2 log Hz -0.467
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Figure 6.17 Dielectric response of gelucire E43/01 containing theophylline.
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Figure 6.19 Dielectric response of gelucire E55/18 containing theophylline.
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totally different dielectric response to that of the base alone would be observed, due to 

the disruption of its structure (Chatham, 1985). This was not found to be the case and 

thus the dielectric results are in agreement with the DSC results.

It is thought that the slight change in the magnitude of dielectric response in the 

presence of drug might be due to the effect of drug on the rate of the bases relaxation 

processes. The drug altered the ease at which these processes occurred. It can be seen 

that the presence of drug slightly shifted the cross over frequencies found in the bases 

alone. In 43/01, 50/13 and 55/18 the crossover frequencies were shifted from 0.001, 3.2 

and 56.2Hz to about 0.006, 5.62 and lOHz, respectively.

4. Conclusion

The possibility of using dielectric spectroscopy for the characterisation of the 

physical properties of gelucires was examined. It was known from previous studies that 

the cooling rates affected the physical properties of the solidified bases by causing them 

to crystallise with various degrees of solid solution forming and segregation. These 

differences in the microstructures of the bases had the effect on the dielectric responses 

of the samples. The dielectric spectra of the slowly and ambiently cooled samples were 

found to be different.

The dielectric response of solid gelucire samples appeared to be influenced by the 

level of humidity of the measuring cabinet. It is thought that moisture was transiently 

adsorbed onto the surface of the tablets presumably by hydrogen bonding and thus 

providing an extra route for charge transferririg processes. It is therefore important to 

monitor and control the humidity of the environment when attempting the dielectric 

analysis of solid samples capable of hydrogen bonding with water.

The structural changes of gelucires after ageing for 60 days were also studied with 

dielectric spectroscopy. The study, however, was complicated by the ability of some
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gelucires to absorbed water from the environment. It was found that the magnitude of 

dielectric response in terms of the value of capacitance and conductance were greater in 

samples stored at 80%RH in comparison with those stored at 0%RH. It is therefore 

reasonable to expect that the desorption of water could occur if the samples were stored 

over silica gel. This made it difficult to attribute the slight change in the dielectric 

spectrum of samples stored for 60 days (at 0%RH) in comparison with the fresh samples 

to a structural changes of these bases. The study also suggested that water at the level 

of less than 0.2% could affect the dielectric response of the sample and thus care must 

be taken when the long term dielectric study was carried out.

Finally, the presence of drug and its concentration affected the magnitude of the 

dielectric response of the bases. It is possible that the drug does not prevent the 

relaxation and charge transport processes present in the bases but alters the ease with 

which they occur.



7.

General Discussion 
&

Conclusion
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Gelucires are mixtures of glycerides and PEG esters of fatty acids. They can be 

used as matrix forming materials to control the release of drug from dosage forms such 

as molten filled hard gelatin capsules. In the manufacture of gelucires into such dosage 

form, the gelucire bases have to be subjected to heating and cooling processes. A 

knowledge of the effect of the manufacturing conditions on the physical properties of 

gelucires is important for controlling product performance. This is particularly important 

for gelucires bases since it is known that glycerides exhibit polymorphic behaviour. 

Polymorphism has been recognised as one of the major factor that affects the physical 

properties and qualities of dairy products and suppository preparations (see Chapter 1).

This work was undertaken to investigate the effect of thermal history on the 

physical properties of gelucires. Various gelucires were selected ranging from 43/01 and 

54/02 which are mixtures of glycerides and do not contain PEG esters, 55/18, which is 

PEG diesters, to 50/02 and 50/13, which contain both PEG esters and glycerides. Sample 

were prepared using slow (0.17°C/min), ambient and fast (immersing in liquid nitrogen) 

cooling methods and their physical properties were examined and compared. Hot stage 

microscopy was used for morphological examination (Chapter 2) and DSC for 

investigation of thermal properties (Chapter 3). The tensile strength and the viscosities 

of the bases were measured (Chapter 4). The dielectric behaviour of the bases were also 

investigated (Chapter 6). Furthermore, the release characteristics of theophylline, a model 

drug, from these bases were also studied and related to other physical properties (Chapter 

5). The changes in the aforementioned physical properties and the dissolution stability 

of the drug from gelucire bases were also monitored during storage.

It was found that slow cooling allowed fractional crystallisation (or segregation) of 

the various components in the bases while fast cooling resulted in the bases forming solid 

solutions. Slow cooling also allowed the more stable polymorphic forms of glycerides 

to crystallise whereas fast cooling resulted in a large amount of unstable forms. As a 

result of the microstructural difference, the morphological, thermal, mechanical (in term 

of tensile strength) and dielectric properties of the bases prepared by different cooling 

rates were found to be different. In addition, the release rates of drug from slowly and
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fast cooled gelucires 50/13 and 55/18 were also different. The effect of maximum 

temperature and time at the maximum temperature used in the heating processes was also 

studied. It appeared that they did not influence the physical properties of the bases, as 

suggested by the DSC results. Polymorphic transformation of glycerides occurred during 

storage, leading to the change in the microstructure of gelucire bases and in turn the 

aforementioned physical properties.

Drug release from gelucire matrices was shown to be diffusional or erosion- 

diffusional controlled. Apart from the physicochemical properties of the drug, the release 

depended on the presence of PEG esters in gelucires. PEG esters attracted water into the 

matrices and dissolved or swelled. In small proportion in the bases, they would help 

creating pores and water channels for drug diffusion whereas in large proportion, they 

caused the erosion of the matrices. In other words, gelucire matrices are systems 

comprising hydrophobic and hydrophilic parts. This type of matrix system was 

previously studied by Dakkuri et al (1978), Al-Shora et al (1980) and recently by 

Malamataris and Ganderton (1991). These matrix systems usually consist of waxes (e.g. 

canuaba wax, hydrogenated castor oil) as matrix forming materials and other materials 

capable of water attraction (e.g. surfactants, PEGs or carbopols). The release profiles can 

be adjusted accordingly by balancing the amounts of hydrophilic and hydrophobic 

materials used.

The release of theophylline from gelucire 50/13 and 55/18 can be sustained to more 

than 10 to 12 hours. Considering the ease in which the matrices are prepared, controlling 

the drug release with gelucire matrices is an attractive measure. However, a few 

potential problems must be overcome or clarified. Firstly, the release rate of the drug 

from the matrices changed during storage as a result of microstructural changes. The use 

of surfactant, as widely used in the manufacturing of diary products (Chapter 1, section 

3.3.3), might stabilise the matrix structure and hence the release rate. On the other hand, 

a low temperature tempering of the bases might help accelerating the change to the most 

stable structure as has been demonstrated in gelucire 43/01. Secondly, the degradation 

of gelucire 55/18 was found during storage and may be more difficult to solve. It should 

be pointed out that the degradation of gelucires was found to be confined to gelucire
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55/18 although it should be studied in other gelucires not included here especially ones 

with high contents of PEG diesters. Furthermore, both problems occurred to only a 

limited extent unless moisture was present. It is, therefore, suggested that all gelucire 

preparations should be protected from moisture. Thirdly, the in vivo performance of the 

erosion-diffusional controlled type of matrices may depend on the content and the action 

of the gut, particularly, the release at later time when matrices are completely hydrated 

and the adhesion of the matrix materials is very much weaken. Further investigations are 

needed to clarify or confirm the suggestions put forward in this section.

The characterisation of complex mixtures of fats to ensure the uniformity of product 

quality is, by no mean, an easy tasks as experienced by those investigators working on 

suppository bases and dairy products (see Chapter 1). Various techniques have been used 

in this work. The DSC technique is one of the most favourite tools used in the 

characterisation of fats and oils. However, the thermograms obtained from DSC scanning 

of gelucires are usually complex, consisting of many broad peaks over a wide range of 

temperature. The interpretation of such thermograms in term of what those peaks 

represent is usually difficult, if not impossible. The association of the peaks with any 

particular polymorphic forms of the components can be misleading since gelucires are 

complex mixtures in which the components also extensively forming solid solutions. The 

use of Solid Fat Content (SPC) graphs has proved to be very helpful in the interpretation 

of DSC curves of gelucire systems. It is thought that the use of SFC graphs may be 

extended to other solid dispersion systems.

The use of polarised light microscopy allows a direct observation of the outward 

structure of the sample. The manner in which crystals aggregate and cannot be detected 

by other techniques used in this study can be easily assessed, such as the forming of 

spherulites, the size of crystal aggregates. Equipped with hot stage, light microscopy is 

a useful complement to the DSC technique in the study of the physical state of the 

samples. For example, theophylline at the concentration 2% in the bases, was 

microscopically found to disperse in gelucire bases. The DSC technique, however, could 

not detect this state of theophylline since the peak representing the drug in the DSC curve 

of the mixture was obscured.
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The differences in the microstructure of slowly and fast cooled gelucire matrices 

could also be detected by the technique of dielectric spectroscopy. However, the 

dielectric response of a solid sample depends very much on the level of environmental 

humidity and also on the presence of absorbed water. The sensitivity of dielectric 

response to the level of water may turn out to be both advantage and disadvantage of the 

technique. A disadvantage is that of the interpretation of the dielectric data as seen in 

Chapter 6, while it is an advantage in that it might be used to assess the water uptake of 

the materials without having to heat them. In addition, the assessment can be quantitative 

if there is a relationship between the level of water and dielectric parameters.

The results from the measurement of the viscosities of molten gelucire 55/18 during 

storage indicated polymer degradation. The degradation was likely to be due to the 

breaking of PEG chains into the shorter chain length PEG entities. It is therefore 

possible that viscosity can be used as an indicator of the extent of degradation of some 

polymers, e.g. PEGs, PEG esters of fatty acids, as a result of manufacturing treatment 

such as heating. On the other hand, there was a reduction in the values of the tensile 

strength of glyceride tablets (43/01, 54/02) cast in copper mould in comparison with 

those cast in aluminium mould. It is believed that copper ion accelerated the oxidation 

of glycerides. The values of tensile strength of solid glycerides can then be used in the 

assessment of the degradation of glycerides due to heat or other manufacturing processes. 

However, all these claims need further investigation.

One of the objective of this work (see section 4 in Chapter 1) is to study the 

polymorphic behaviour of mixture of glycerides using 43/01 and 54/02 as models. It was 

found that solvent crystallisation resulted in an extensive fractional crystallisation of 

glyceride components in the mixtures. The ability of various glycerides to form solid 

solutions makes it impossible to study polymorphism of mixture of glycerides as 

separate phenomenon. The study of glycerides phase change should therefore take into 

account of both phenomena. It was also suggested that the presence of mono- and 

diglycerides in gelucire 54/02 might help to retard polymorphic transformation of the 

mixtures.
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To summarise, this work has shown that

(1) gelucires exhibited polymorphic behaviour which was due to the glyceride 

components.

(2) the thermal history, especially the cooling rates used in the preparation of 

the bases, influenced the microstmctures and hence the physical properties of gelucires.

(3) polymorphism played a significant role in the change of microstructure and 

the physical properties of gelucires during storage.

(4) moisture accelerated the changes in the microstructure and the physical 

properties of gelucires.

(5) the release of theophylline from gelucire matrices was sensitive to the 

matrix microstructures.

(6) solid fat contents calculated from DSC data could be used in the 

characterisation of complex systems such as gelucires.
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APPENDIX I :

Some naturally occurring fatty acids

Systematic name 
(trivial name)

Formula Shorthand Melting point (°C) 

acid triglycerides

Hexanoic (Caproic) CH3(CH2)4C00H 6:0 -3.2 -

Octanoic (Caprylic) CH3(CH2)6C00H 8:0 16.5 -

Decanoic (Capric) CH3(CH2)gCOOH 10:0 31.6 31.5

Dodecanoic
(Laurie) CH3(CH2)ioCOOH 12:0 44.8 46.4

Tetradecanoic
(Myristic) CH3(CH2),2C00H 14:0 54.4 57.0

Hexadecanoic
(Palmitic) CH3(CH2),4C00H 16:0 62.9 65.5

Octadecanoic
(Stearic) CH3(CH2),6C00H 18:0 70.1 72.0

Eicosanoic
(Arachidic) CH3(CH2)i8COOH 20:0 76.1 78.0

Docosanoic
(Behenic) CH3(CH2)2oCOOH 22:0 80.0 82.5

Octadec-9-enoic
(Oleic)

CH3(CH2)7CH=CH
-(CH2)7C00H 18:l(9c) 16.0 4.9

Docos-13-enoic
(Erucic)

CH3(CH2)7CH=CH
-(CH2)uCOOH 22:1(13c) 33.0 30.0

1) The melting points o f triglycerides are those o f stable polymorphic forms.
2) from : Clark (1992), Sonntag (1979) and Bailey (1950)
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APPENDIX II :

Some constants commonly used in the quality control of fats and oils

ACID VALUE

Definition : The number of mg of potassium hydroxide required to neutralise the free
acids in 1.0 g. of the substance. (USP)
The acidity may also be expressed as the number of millilitres of 0.1 N NaOH required 
to neutralise the free acid in 10 g of substance.

Description o f the Term : The presence of free acid in the oils, fats and waxes is due
chiefly to the hydrolysis of the esters composing them and is caused by chemical 
treatment, by bacteria action, or by the catalytic action of light and heat. As a rule, fresh 
or recently prepared fatty substances contain little or no free acids. Upon aging, the acid 
value increases slowly at first and more rapidly later, especially if the substance is not 
well protected from the simultaneous action of light and air.

The acid values of the fatty substances are quite variable, consequently, the maximum 
limited is fixed. Excessive values indicate that the substances have undergone hydrolytic 
decomposition in their preparation or purification, or during the period of storage.

High acid values are not necessarily an indication of rancidity, since the latter is a result 
of the action of air, or possibly bacteria, on the liberated fatty acids.

Examples : oleic acid 195 to 204
stearyl alcohol not more than 2
white wax 17 to 24
cetyl alcohol not more than 2
GMS not more than 18
yellow wax 18 to 14

SAPONIFICATION VALUE

Definition : The saponification value, saponification number, or Koettdorfer number,
as it is sometimes called from the originator of the process, is defined as the number of 
milligrams of potassium hydroxide required to neutralize the free acids and saponify the 
esters contained in 1 g of substances. In other words, it is ten times the percentage of
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potassium hydroxide required to neutralize all the acids contained in the sample after 
saponification.

Description o f the Term : Since the natural fats and oils consist of mixtures of glyceryl
esters of the higher acids, their saponification values do not differ greatly. The 
determination of the saponification value, however, serves to aid in detection of the 
presence of the glycerides of acids containing less than 16 or more than 18 carbon atoms, 
since the value of this constant is inversely proportional to the mean molecular weights 
of the acids present. In some cases, it may also indicate adulteration of the sample with 
unsaponifiable matter, such as mineral oil.

Examples : castor oil 179 to 185
corn oil 187 to 193
GMS 164 to 170
polyoxyl 40 stearate 25 to 35 
cod-liver oil 180 to 192

ESTER VALUE

Definition : The ester value or ester number is defined as the number of milligrams of
potassium hydroxide required to saponify the esters in 1 g of substances.

Description o f the Term : In those substances th at do not contain free acids, the ester
value is equal to the saponification value. When free acids are present, however, the 
ester value is the difference between the acid and saponification values.

The ester value is of particular importance in the analysis of yellow and white wax, since 
it serves, in many cases, to indicate the presence of adulterants, such as paraffin. 
Considered in conjunction with the acid value, the ester value may aid in the detection 
of such adulterants as rosin and stearic acid in the wax.

IODINE VALUE

Definition : The iodine value, or number, is the number of grams of iodine absorbed
under specified conditions by 100 g of substances.

Description o f the Term : This value is quantitative measure of the proportion of
unsaturated fatty acids present, both free and combined as esters, that have the property
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of absorbing iodine.

The determination of the iodine value of fats and oils is important, since it serves to 
characterise them and to indicate whether they are pure or admixtures. The so-called 
drying oils, such as linseed oil, and the fish oils, such as cod-liver oil, have very high 
iodine numbers, usually above 120, since they contain a large proportion of un saturated 
fatty acids; the non-drying oils, such as olive oil and almond oil, have relatively low 
iodine numbers, below 100; and the semi-drying oils, such as cottonseed oil and sesame 
oil, have intermediate iodine values, that is between 100 and 120.

HYDROXYL VALUE

Definition : The hydroxyl value, or hydroxyl number, is the number of milligrams of
potassium hydroxide equivalent to the hudroxyl content of 1 g of substances.

Description o f Term : This constant gives an indication of the identity and purity
of fatty substances possessing alcoholic hydroxyl groups.

The hydroxyl value is inversely proportional to the molecular weight. Therefore, an 
abnormally low value is indicative of adulteration with higher molecular weight alcohols 
or with nonalcoholic fatty substances (paraffin, petrolium oil, etc.).

Examples : Stearyl alcohol USP 200 to 220
Cetyl alcohol NF 218 to 238
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CORRIGENDA

Page Paragraph Line Error

23 2 3 consequently
27 3 1 technique
32 2

3
5
11

understand > understood 
accelerated

33 1 2 oxidative
35 3 5 occurred
40 4 4 Molecules are arranged
43 2 1 4.2nm —> 0.42nm
49 1 6 yields
53 2 2 has > have
58 5 5 behaviour
64 3 9 technique —> techniques
68 6 2 nucleus - >  nuclei
72 2 1 platy > plate
101 2 7 review —> reviews
104 1 11 2.4°C/min
110 3 1 term —> terms
152 1 2 subsequence —> subsequent
154 2 1 From "the" above
158 3 3 curve —> curves
167 5 2 hygroscopicity —> hygroscopic
171 4 7 segregate even "when" the
172 1 1 confectionery
178 2 7 thoroughly
182 4 6 54/01 > 54/02
184 3 6 present —> presence
188 1 6 gelatin
189 3 1 graphs
202 3 6 The equation generally holds
249 2 1 practise - >  practice
292 3 6 diary > dairy


