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Abstract

Stearic acid coated cefuroxime axetil (SACA) is an intermediate product in the 
production o f cefuroxime axetil for oral suspension (CAOS). The inclusion o f stearic 
acid within the formulation provides a means o f successfully masking the bitter taste 
o f the drug. This is an extremely important issue as the formulation is intended for 
administration to young children. This study has been performed in order to gain an 
insight into the mechanism by which cefuroxime axetil is released from SAC A. As the 
manufacturing process is relatively simplistic a long term aim is the application o f 
this technology to taste mask other unpleasant tasting compounds. Initial dissolution 
studies were carried out to investigate the effect o f pH  and buffer composition on the 
overall level o f drug release. Optimal drug levels were obtained using a phosphate 
buffer (Sorensens modified phosphate buffer) made up to a pH  o f 7.0. The addition o f 
sodium, in the form o f sodium chloride, also had a profound effect on the level o f drug 
release obtained. Increasing the sodium levels o f a second phosphate buffer 
(phosphate mixed, (Na^, 0.007M), dramatically increased the level o f drug release up 
to a molarity o f 0.05 after which a steady decrease was observed. Following on from 
the dissolution studies scanning electron microscopy (SEM) was used to investigate 
the surface morphology o f the material during dissolution in a range o f media. A 
method was developed in which SAC A was removed at particular time points and 
dried. Changes were seen to have taken place on the surface o f spheres after 
dissolution in particular buffers, notably the ones which produced the higher levels o f 
drug release. These changes were seen to be time dependent and were exaggerated 
when the material was suspended in the media during the drying process. Thermal 
studies were carried out using differential scanning calorimetry (DSC) and high 
sensitivity differential scanning calorimetry (HSDSC). DSC examination o f dried 
material, which had undergone dissolution in buffers which had produced optimal 
levels o f drug release, showed a second peak to be present indicating that a second 
component with a different melting point to that o f SAC A was present. For 
examination by HSDSC dry SACA was heated in a range o f buffers. Multiple peaks 
were observed in media which were known to produce optimal drug release, but not 
in media which resulted in sub-optimal drug release, confirming that an interaction 
did indeed occur between SACA and certain buffers. Flame photometry. X-ray 
diffraction and gas chromatography were used as supportive techniques and 
confirmed the generation o f a novel species after exposure to media in which drug 
release was maximised. With regards to the mechanism o f drug release these results 
have indicated that it is a complex process comprising o f more than one mechanism.
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1. Introduction

Stearic acid coated cefuroxime axetil (SACA) was developed by Glaxo (now 

GlaxoWellcome) in the early 1980s in order to improve the palatability of cefuroxime 

axetil when formulated as a suspension. This type of dosage form was developed in 

order to facilitate its administration to children, as it is well established that any 

medication which imparts an unpleasant taste to the patient is likely to result in poor 

compliance to a drug regimen (Aronson & Hardman, 1992; Bynoe & Bynoe, 1986; 

Helliwell & Jones, 1994; Martin, 1992). This presents a greater problem in the 

treatment of infants and young children, therefore the development of formulations 

which successfully mask or significantly improve the unpleasant taste of drugs is an 

important area of pharmaceutical research and development. The following discussion 

will give an overview of taste masking, its importance, and how it may be achieved, 

leading to a detailed discussion of the formulation in question. Finally, the objectives 

of the project will be outlined.

1.1 Taste Masking of Pharmaceutical Substances

1.1.1 How Taste is Perceived

The senses are a means by which the brain receives information about the outside 

world. Historically, five senses were recognised; taste, smell, sight, hearing and touch. 

The sense of touch is classed as general since there are many types of nerve endings 

scattered throughout the body as opposed to being localised in one particular area. The 

other four senses, along with balance, may be characterised as special senses 

consisting of highly localised organs comprising very specialised sensory cells. Taste 

and smell are both classed as chemical senses and are closely related in their structure 

and function. They are important in that they affect a person’s appetite, control the 

flow of saliva and gastric secretions, and prevent the ingestion of harmfiil substances. 

Since information regarding the above senses can be found in any standard physiology
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textbook (Seeley et al, 1989; Vander et al, 1990), the following discussion will focus 

solely on taste.

The name given to the specialised sense organ for taste is the taste bud. They are 

primarily found on the tongue and in the roof of the mouth, with smaller numbers 

present in other areas such as the throat and lips. The tongue can be divided into four 

main regions (papillae), three of which are associated with taste buds {Figure 1. la). A 

V-shaped row of circumvallate papillae {FigureLib) separate the anterior and 

posterior sections of the tongue. This type is surrounded by a groove and is the largest 

in size but present in the smallest number. Fungiform papillae (mushroom-shaped. 

Figure L ie) are scattered throughout the entire dorsal surface of the tongue and 

appear as small red dots dispersed between filiform papillae (filament-shaped. Figure 

Lie). The filiform type are the most numerous but do not have any taste buds 

associated with them. The most sensitive papillae are located at the sides of the tongue 

and are referred to as foliate (leaf-shaped. Figure Lid). These occur to a greater 

extent in young children and decrease with age.

The taste bud is an oval structure in which specialist epithelial cells form an outer 

supporting capsule while the interior is composed of approximately forty gustatory or 

taste cells {Figure 1. If). These interior cells are constantly replaced and have a life 

span of about ten days. The multi-fold upper surface of the taste cells extends into a 

small pore at the surface of the taste bud, called the gustatory or taste pore, which is 

bathed in fluids from the mouth. Substances which are dissolved in the saliva are 

thought to become attached to small fibres on the surface of the taste cells (gustatory 

hairs) causing a change in the membrane permeability of the taste cells. As these cells 

do not have their own axons they caimot generate their own axon potentials, therefore, 

neurotransmitters are released from the cells in response to a local depolarisation of 

the cell membrane and in turn stimulate action potentials in the axons of sensory nerve 

cells associated with the taste cells.
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There are four traditional taste sensations detected by the taste buds; sweet, sour, salty 

and bitter. In practice, many more than four are detected, and this is thought to be due 

to the combination of the four primary tastes. Many sensations commonly thought of 

as taste may be strongly influenced by olfactory sensations. All taste buds will be able 

to detect the four main tastes, but each taste will be more sensitive to a particular type. 

It is not clear how we differentiate between a wide range of taste sensations due to the 

lack of specificity of the cells, both in terms of the chemicals to which they respond 

and the way in which they are connected to the brain. The odour of a substance is 

clearly an important factor in identification. The stimuli to which each taste bud 

responds is more dependent on its position on the tongue than the type of papillae 

associated with it. The tip of the tongue is most sensitive to sweet and salty tastes, the 

back to bitter, while the sides are most sensitive to sour tasting stimuli.

Figure 1.2 illustrates the central nervous system pathways for taste from the facial, 

glossopharyngeal and vagus nerves. The nerve type which is responsible for carrying 

taste sensations to the brain is determined by the specific position of taste buds on the 

tongue. Taste from the anterior two thirds is carried by a branch of the facial nerve 

called the chorda tympani, while taste from the posterior third of the tongue and 

superior pharynx is carried by the glossopharyngeal nerve. In addition, the vagus 

nerve carries a few fibres for taste sensation from the epiglottis. These nerves extend 

from the taste buds to the tractus solitarius of the medulla oblongata. Fibres from this 

nucleus decussate and extend to the thalamus. From here neurons project to the taste 

area of the cortex, which is at the extreme inferior end of the postcentral gyrus.
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1.1.2 Illustrative Examples of Taste Masking

Improving the palatability of unpleasant tasting pharmaceuticals and certain foods has 

become an extremely important stage within product development. The following 

discussion will focus on taste masking within the pharmaceutical industry but mention 

will be made of techniques used within the food sector.

In the case of infants and young children, difficulties may arise when conventional 

dosage forms, such as tablets and capsules, are administered. These include the need 

for fractional doses, in which the original dosage form must be split, and the difficulty 

small infants may experience in swallowing relatively large, solid objects. This has 

lead to the re-formulation of many drugs as liquid products, e.g. analgesic and 

antibiotic preparations. However, this change in presentation may alter the palatability 

of the drug thereby necessitating the need for adequately taste masked formulations. 

This problem is illustrated in a paper by Behrens et al (1992) which investigates the 

bioavailability of a novel taste masked formulation of quinine. The paper describes 

how, due to its low cost and continued efficacy, quinine is becoming more frequently 

used as a first line therapeutic drug in the treatment of chloroquine resistant malaria 

(quinine is well established for routine prophylaxis). In less severe infections it is 

given orally in either syrup or tablet form, but, due to its bitter taste, administration to 

infants and young children is problematic and can induce vomiting. The unpleasant 

taste is further exacerbated when the tablets are split in order to provide fractional 

doses. The development of an acceptable tasting liquid formulation of the drug would 

enable its administration to be more widespread in children.

Micro-encapsulation of quinine has been found to be an inexpensive way of masking 

its unpleasant taste without restricting its bioavailability. The drug is contained in an 

oil phase while a coating polymer is contained within an aqueous phase, separated by 

an interfacial film. A further aqueous solution containing acacia gum is then added to 

give a water/oil/water emulsion. After mixing and evaporation of solvents, uniformly 

sized multi-walled micro-capsules containing quinine are produced. The drug is 

present as the base and is released at low pH (0-2 pH) in a burst, thereby making it 

available for absorption in the small intestine. The micro-capsules are in the form of a
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free flowing powder and are re-suspended in a sweetened syrup carrier for 

administration. In this form the unpleasant taste of quinine is successfully masked.

Again focusing within the area of paediatrics, it may be relevant to include taste as 

well as pharmacology and pharmacokinetics when discussing the interchangeability of 

medication. Dupuis (1985) describes work in which the tastes of oral liquid products 

were evaluated. The product groups under examination were isoxazolyl penicillins 

(six formulations manufactured by Bristol Laboratories, Ayerst Laboratories, 

Novopharm Ltd) and erythromycins (sevenformulationsmanufactured by Lilly Canada 

Inc., Novopharm Ltd, Abbott Laboratories Ltd). The products were ranked with 

respect to their relative palatabilities and clear differences were observed within each 

group. The isoxazolyl penicillin manufactured by Bristol Laboratories and the 

erythromycin manufactured by Lilly Canada Incorporated were deemed to be the most 

palatable. Dupuis (1985) concludes by stating that oral liquid products should not be 

considered interchangeable unless they are of a comparable palatability as well as 

having similar pharmacological and pharmacokinetic parameters.

In the last few years, many articles and patents have been published regarding the taste 

masking of oral pharmaceuticals. In the main, they are concerned with bitterness 

inhibition and reduction. A comprehensive review of many of these techniques has 

been published by Roy (1994), in which he discusses the various methods used with 

respect to their formulation approaches. The following discussion will be based 

around this particular review.

1.1.2.1 The Use of Flavour to Taste Mask Oral Pharmaceuticals

One approach which is commonly used to improve palatability is the inclusion of 

flavours or sweeteners within a formulation. Examples of preparations produced in 

this way include mouth washes, cough drops, lozenges, bronchodilators, dentifrices, 

multi-vitamins, antidiarrhoeals and antibiotics. Preparations which are intended to 

reside in the mouth for a period of time, such as mouth washes, cough drops or 

lozenges, are often perceived as having an unpleasant or ‘medicinal’ taste which 

tends to detract from their acceptance. This is largely due to the presence of volatile
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oils such as eucalyptus and menthol which are often included in preparations due to 

their cooling and therapeutic effects. In the case of preparations containing up to 

0.35% eucalyptus oil, the inclusion of 0.0025% fenchone, bomeal or isobomeal has a 

successful taste masking effect due to suppression of the perception of the unpleasant 

organoleptic sensations afforded by the oil (Hussein and Barcelon, 1991). Lozenges 

which are used to reduce the duration of the common cold poses a bitter astringent 

taste due to the inclusion of zinc acetate dihydrate. In this case, taste masking may be 

accomplished by the inclusion of saccharin, anethol/p-cyclodextrin and magnesium 

stearate, followed by tableting with compressible polyethylene glycol and fructose 

(Eby, 1992). The resulting composition is stable with respect to its chemical 

composition and flavour, possess a pleasant sweet taste and has no unpleasant 

aftertaste.

The addition of sweeteners to pharmaceutical preparations is a proven method for 

improving palatability. However, problems have been associated with this technique. 

Formulations containing saccharose along with other constituents which affected its 

hydrolysis, resulted in the chemical composition of the mixture changing with time, 

therefore rendering it unstable regardless as to whether or not the active ingredient 

was affected. This lead to the replacement of saccharose with more stable substances 

such as sorbitol (Guillot, 1971). More recently, the increased incidence of dental 

caries has lead to the formulation of new ‘sugar-free’ products.

1.1.2.2 The Use of Lipophilic Vehicles to Taste Mask Oral
Pharmaceuticals

Lipids, lecithin like substances and surfactants, have all been used in taste masking 

formulations. The palatability of gobepentin (an experimental drug for seizures) and 

indeloxazine-HCl (a serotonin up-take inhibitor) have been improved by coating the 

drug with lipids (Cherukuri and Chau, 1991; Shiozawa et al, 1992). In the case of 

lecithin like substances, it was found that homogenated suspensions of phosphatidic 

acid and p-lactoglobulin from soy bean and milk, respectively, completely suppressed 

bitter stimulants such as quinine, L-leucine and isoleucine, caffeine and papaverine 

hydrochloride but caused no suppression of sweet, sour or salty taste. Other lipids
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such as phosphatidylcholine with p-lactoglobulin did not have such a marked effect 

(Katsuragi and Kurihara, 1993).

1.1.2.3 The Use of Hydrophilic Vehicles to Taste Mask Oral
Pharmaceuticals

Taste masking with hydrophilic vehicles encompasses rheological modifiers, inclusion 

complexes, resins, carbohydrates and proteins. In the case of orally administered oral 

pharmaceuticals, coating the drug with polymeric substances can successfully taste- 

mask the product. This approach is used to cover the bitter taste of pinaverium 

bromide, a spasmolytic drug. Particles of the drug are coated with a mixture of a 

water-insoluble, film-forming polymer (cellulose or shellac) then a second film- 

forming polymer is applied which is soluble at pH <5 ( [dimethylamino] ethyl 

methacrylate-methacrylic acid ester copolymer) (Block et al, 1990). Similar 

approaches are used to reduce the bitter taste of chewable ibuprofen tablets and aspirin 

(Roche and Reo, 1992; Wheatley and Erkoboni, 1992).

Other coatings such as gelatines and prolamines are utilised in similar taste-masking 

processes. For example, in mint-flavoured oral pharmaceutical gums, bitterness of the 

flavour is reduced by the incorporation of a prolamine/cellulose ingredient. A high pH 

aqueous zein solution, used to coat hydroxypropyl cellulose, is particularly effective in 

combating the bitterness of spearmint flavour (Patel et al, 1993). This point is further 

illustrated by considering one method by which clarithromycin is taste masked. Cores 

of clarithromycin-PVP mixtures (9:1) are coated with a mixture of 93% zein and 7% 

medium-chain triglycerides. This coating reduces the bitterness of the drug by 

preventing dissolution in the mouth (Meyer and Mazer, 1993).

A further approach involves the use of viscosity modifiers. Increasing viscosity by 

using gums or carbohydrates lowers the diffusion of bitter substances from the saliva 

to the taste-buds. This technique is employed to taste mask acetaminophen suspension 

which is formulated to include 0 .1-0 .2 % xanthan gum and 0 .6 -1 .0 % microcrystalline 

cellulose (Blase and Shah, 1993).
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The perception of bitterness may also be reduced by bonding drugs to cation exchange 

resins. This approach may be applied to several drugs including erythromycin and its 

6-0-methyl derivative clarithromycin. The amine macrolide is ionic bonded to the 

high molecular weight polyacrylic acid, which effectively removes the drug from the 

solution phase in an ion-free suspension. After ingestion, endogenous cations displace 

the drug from the polymer into the gastrointestinal tract and bioavailability is achieved 

(Lu et al, 1991). Finally a brief mention must be made of inclusion complexes. Liquid 

preparations of several drugs including ibuprofen can be made more palatable by 

preparing complexes with cyclodextrin and hydroxypropyl-P-cyclodextrin 

respectively (Motola et al, 1991).

1.1.2.4 Miscellaneous Approaches in the Taste Masking of Oral
Pharmaceuticals

Miscellaneous taste-masking approaches include salt preparation and functional group 

alteration. Examples of the former include masking the unpleasant taste of water- 

soluble ibuprofen salts in aqueous solution by adding metal bicarbonates and of the 

latter, the improved palatability of clarithromycin due to the presence of alkyloxyalkyl 

carbonates on the 2’ position (Gregory et al, 1990; Asaka et al, 1992). Taste masking 

may also be achieved by formulation of multiple emulsions (Garti et al, 1983).

1.1.2.5 Taste Masking Within the Food Industry

As mentioned at the start of this section, bitterness reduction and inhibition has also 

become an important factor within the food industry. The demand for new ‘diet’ foods 

containing lower levels of fat and sugar has sometimes revealed bitter attributes 

previously masked by the higher sugar and fat levels. Since consumers are averted 

from products with a bitter taste, more importance is being placed on the formulation 

of these products. The general approaches to bitterness reduction are similar to those 

used within the pharmaceutical industry and an excellent overview is again given by 

Roy (1992).
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An ideal solution to bitterness inhibition or reduction would involve the development 

of a universal inhibitor of all bitter-tasting substances which does not affect the other 

taste sensations such as sweetness. Work is ongoing in this area and sweetness and 

bitterness inhibitors derived from aminomethane sulfonic acid have been described 

(Roy et al 1990; Roy et al 1991).

Finally, although it is agreed that the taste masking of unpleasant oral pharmaceuticals 

and foods is an acceptable and necessary practice, it must not be forgotten that this 

may lead to the ingestion of higher levels of bitter compounds than are safe, infants 

may equate the taste and appearance of medications with sweets (Gadeke et al, 1974), 

and in adults it may lead to bitter substance abuse. Unpleasant taste has been shown to 

be a deterrent in paediatric poisoning (Temple and Stremming, 1975). Since several of 

the bitter substances found in foods are also toxic, the potential indirect health effects 

of the widespread use of bitterness inhibitors must not be overlooked.

1.2 Cephalosporin Antibiotics - Cefuroxime and its Pro-
Drug Cefuroxime Axetil

1.2.1 General Features of Cephalosporin Antibiotics

The term ‘cephalosporin’ is used to describe a group of antibiotics which have a wide 

range of activity, are of low toxicity and are classified as first, second or third 

generation. First generation cephalosporins, which include cephradine and cephazolin, 

have generally been replaced by newer cephalorporins such as cefuroxime and 

cephamandole (second generation). These second generation drugs are less susceptible 

to inactivation by penicillinases, making them more active towards bacteria which are 

resistant to other drugs as well as having a greater activity towards Haemophilus 

influenzae and Neisseria gonorrhoea. Third generation drugs have greater activity 

than second against certain Gram-negative bacteria, however they are less active 

against Gram-positive species, most notably Staphylococcus aureus.
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The structure of cephalosporins is closely related to that of penicillins (both contain a 

p-lactam ring) and they work in a similar manner by impairing bacterial cell wall 

synthesis, hence they are bactericidal. Changes in their pharmacokinetic and 

antibacterial activities can be brought about by the addition of side-chains onto the 

parent molecule, in the same way the P-lactam ring can be stabilised, thereby 

increasing their activity towards Gram-negative organisms. Most cephalosporins are 

excreted unchanged in the urine, but some (e.g. cefotaxime) form a desacetyl 

metabolite. Many, including cefuroxime, are actively secreted by the renal tubule, 

hence the dose should be reduced in patients with poor renal function (van Dalen et al, 

1979; Smith and LeFrock, 1983; Brogden et al, 1979). In general they have a half life 

of 1-4 h and their wide distribution within the body allows treatment of infections at 

most sites, including bone, soft tissue and muscle (Laurence and Bennett, 1992).

Cephalosporins have a low incidence of adverse effects, the most common being 

allergic reactions of the penicillin type. Approximately 10% of patients have a cross

allergy between penicillins and cephalosporins, therefore if a patient has shown severe 

or immediate allergy to penicillins a cephalosporin should not be used. Treatment in 

excess of two weeks may result in thrombocytopenia, neutropenia, interstitial 

nephritis or abnormal liver function tests. However, these are reversible on 

discontinuation of treatment.

1.2.2 Cefuroxime

Cefuroxime is an injectable ‘second-generation’ broad-spectrum antibiotic introduced 

in 1977 and is a semi-synthetic analogue of cephalosporin C. Cefuroxime sodium 

(Zinacef^^) is a creamy white powder with a molecular weight of 446.4 (free acid = 

424.4) and a pKa (carboxylate) of «2.5 (Therapeutic Drugs, 1991). The drug has a 

solubility of approximately 200mg/mL in water and Img/mL in alcohol (Drug 

Information, 1995). Following reconstitution, cefuroxime sodium solutions are light 

yellow to amber in colour and have a pH of 6.0-8.5, depending on the concentration of 

the drug and the diluent used. The drug is stable for 24h in normal saline, 5% dextrose 

or dextrose/saline (Therapeutic Drugs, 1991).
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Cefuroxime, like other cephalosporins, is a bactericidal antibiotic. Its mode of action 

involves the inhibition of the bacterial wall synthesis by interfering with the 

transpeptidation process via covalent binding to transpeptidase and carboxypeptidase 

enzymes. This weakens the bacterial cell wall and produces non-viable filaments. It 

also binds to penicillin-binding protein m, which is also involved in the formation of 

the peptidoglycon bacterial cell wall, and leads to lysis of the organism (Therapeutic 

Drugs, 1991). Since cross-wall formation is prevented during cell growth, the drug is 

most effective when bacteria are undergoing rapid multiplication (Gurney, 1988).

At its time of development in the mid to late 1970s, cefuroxime overcame many of the 

disadvantages of other cephalosporins in clinical use. None were very active against 

Neisseria or Haemophiliis influenzae and their poor activity towards Gram-negative 

bacilli was often attributed to their destruction by P-lactamases. Initial studies 

demonstrated that cefuroxime was active against a much wider spectrum which 

included both Gram-negative and Gram-positive organisms (Ryan et al, 1976; Eykyn 

et al, 1976; Norrby et al, 1976; O'Callaghan et al, 1976a,b; Jorgensen et al, 1990). 

This increased spectrum of activity was due to its increased stability towards p- 

lactamase-producing bacteria. The following discussion compares the stability of 

cefuroxime with that of the other cephalosporins of its day.

Cefuroxime is resistant to hydrolysis by p-lactamases produced by S. aureus and by 

most species of Gram-negative bacteria (Neu and Fu, 1978). It is more resistant to 

hydrolysis by the E. Coli TEM-type enzyme than cephaloridine or cephalothin and is 

not hydrolysed by p-lactamases that hydrolyse cefamandole (Neu and Fu, 1978; 

Richmond and Wotton, 1976). It does undergo some hydrolysis by type I p-lactamases 

produced by some strains of Serratia and P. rettgeri, but is stable to enzymes 

produced by R plasmids and the type IQ P-lactamases produced by N. Gonorrhoea 

and H. Influenzae (Phillips and Shannon, 1978; Klein et al, 1977). With the exception 

of cefoxitin, all other cephalosporins, including cefiiroxime, are inactivated by P- 

lactamases produced by B. fragilis (Nord et al, 1978).
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Its increased spectrum of activity against Gram-positive bacteria includes 

Staphylococcus aureus, Streptococcus pheumoniae, S. epidermidis and fi-haemolytic 

streptococci (Neu and Fu, 1978; Norrby et al, 1976; Potaschmacher et al, 1979; Klein 

et al, 1977). Cefuroxime has also been shown to be active against penicillinase- 

producing staphylococci but was found to be less active against methicillin-resistant 

strains (O'Callaghan et al, 1976a). In addition to its high activity against non-p- 

lactamase-producing Gram-negative bacteria, it effectively inhibits the growth o f many 

P-lactamase producing strains including Enterobacter, Klebsiella and Proteus species 

(Neu and Fu, 1978; Potaschmacher et al, 1979; O'Callaghan et al, 1976b; Norrby et al, 

1976). Cefuroxime also has a high activity against Neisseria gonorrhoea. Neisseria 

meningitidis and Haemophilus influenzae, including ampicillin-resistant strains 

(O'Callaghan et al, 1976a; Barry et al, 1977; Goto, 1977; Jones et al, 1977). The MIC 

of cefuroxime towards H. influenzae is similar to that for ampicillin for non-P- 

lactamase producing strains, but much lower for strains which produce p-lactamases 

(Klein et al, 1977; Sykes et al, 1977).

This increased stability towards p-lactamase producing bacteria may be explained by 

considering the structure o f cefuroxime, see Figure 1.3. The major differences between 

its structure and that o f other cephalosporins is that cefuroxime contains a 

methoxyimino group (combination o f a fury! and methoxime group) at position 7 on 

the p-lactam ring, along with a carbamate group (ester) at position 3. The increased 

stability o f the molecule against hydrolysis by many p-lactamases is a result o f the 

steric hindrance offered by the methoxime group preventing enzymatic accession to the 

p-lactam bond (Drug Information, 1995; Gower and Dash, 1977; Kreter and Reed, 

1990). The presence o f the carbamate group results in increased metabolic stability.

C -C O N H

CH] — O—CO —NHi 

COO-Na+

Figure 1.3 Structure o f cefuroxime, sodium salt, (7R)-3-Carbamoyloxy-methyl-7- 
[(2Z)-2-methoxyimino(fur-2-yl)-acetamido]-ceph-3-em-4-carboxylate sodium.
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As well as having good activity against a wide range of bacterial species, cefuroxime 

was found to have favourable pharmacokinetic properties in animals and humans. 

Animal studies showed cefuroxime to be of low toxicity. In particular it, did not 

exhibit any toxic action on the kidneys or liver (Ryan et al, 1976). Investigations into 

the human pharmacokinetics of cefuroxime were instigated by Foord (1976) and 

Gower and Dash (1977). On comparing data derived from a 500mg iv dose, which 

was common to both studies, similarities were observed which showed the two studies 

to be complimentary. The findings are discussed below.

After administration, a mean peak serum concentration of 82.7-105.4pg/ml was 

obtained along with a mean ultimate serum half-life of 67.5-68.6min. The apparent 

difference in the first value is thought to be a direct result of one subject in the Gower 

and Dash (1977) study having an unusually high peak concentration of 196.3pg/ml 

which markedly increased the mean and contributed to a high standard deviation of 

52.1pg/ml. If this value is disregarded, the mean peak serum concentration is 

calculated as 87.2pg/ml which is in agreement with that found by Foord (1976). These 

high serum levels combined with a low protein binding of 33% (Foord, 1976) resulted 

in a high, effective antibacterial concentration. Cefuroxime has a metabolic stability 

greater than 95% and a moderately favourable volume of distribution 11.1-

11.7L/1.73m^ which appears to increase with increasing dose. The 

cefuroxime/creatinine clearance ratio was 1.21-1.23 indicating that 43-54% of the 

antibiotic was secreted through the kidney tubules. This was confirmed in the Foord 

(1976) study by simultaneous administration of probenecid which decreased the mean 

overall clearance by 40%. The drug was excreted in the urine in large concentrations 

with 95.1-93.1% of the dose recovered after 24hours. Cefuroxime was shown to be 

poorly absorbed from the gastro-intestinal tract, approximately 1% recovered from the 

urine (Foord, 1976), similar findings were drawn from animal studies (Ryan et al, 

1976).

Since the oral absorption of cefuroxime sodium was minimal, its use was restricted to 

intravenous use in hospitalised patients. In the early eighties a lipid soluble, orally 

active pro-drug, cefuroxime axetil was developed which allowed the drug to be used 

in a much wider range of applications.
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1.2.3 Cefuroxime Axetil

Since cefuroxime sodium exhibited poor oral absorption (Foord, 1976), an orally 

active pro-drug was developed by substituting a 1-acetyloxyethyl ester group for 

sodium on the parent molecule, see Figure 1.4. This substitution enhanced the 

molecules lipid solubility and gastric stability, thereby facilitating its oral absorption.

At first, the newly developed tablet forms of the pro-drug were reported to have 

inconsistent bioavailabilities in clinical use (Adams et al, 1985; Carson et al, 1987). The 

initial ‘RS’ and ‘RS2’ formulations were superseded by an ‘RS3’ type (improvements 

were made with respect to the film-coating and tablet disintegrant ) which overcame 

this problem (Kees et al, 1991; Harding et al, 1988) and was introduced into the 

market.

C -C O N H

CH]—O—CO —NH]

COO(pHCH3 

OCCH3 

&

Figure 1.4 Structure o f cefuroxime axetil, an orally active pro-drug o f cefuroxime.

The availability o f cefuroxime in oral and intravenous forms extended its use by 

offering the opportunity o f sequential therapy with the same antibiotic agent (Brambilla 

et al, 1992; Britton, 1990; Shalit et al, 1994). It is desirable to change to oral 

administration after initial parenteral therapy as soon as possible. Stille et al (1992) 

demonstrated there to be no statistically different therapeutic efficiency between iv and 

oral versus exclusively iv regimens in the treatment o f community-acquired pneumonia 

and stated that preference should be given to sequential therapy.

Cefuroxime axetil itself has no antimicrobial activity. After oral administration, the 

ester is absorbed intact then rapidly hydrolysed by non-specific esterases in the
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internal mucosa and portal blood to produce cefuroxime which is then absorbed into 

the blood stream (Harding et al, 1984). The axetil molecule is further broken down to 

acetic acid and acidaldehyde (Sommers et al, 1984a). Once free cefuroxime is in the 

blood stream, its mode of action and spectrum of activity is the same as has been 

explained in Section 1.2.2,

Kees et al (1991) make reference to two mechanisms which may be used to describe 

the absorption of cefuroxime axetil. The first involves a carrier mediated transport 

mechanism (Iseki et al, 1989; Tsuji et al, 1987), which is similar to that involved in 

the absorption of peptides from the small intestine. The second mechanism is by 

passive diffusion where lipophilicity is the rate limiting factor (Sugawara et al, 1990), 

this has been discussed for amoxycillin (Hespe et al, 1987) and assumed for cefetamet 

pivoxyl (Stoeckel et al, 1989).

Optimal conditions for the absorption of ester pro-drug cephalosporins are found in 

the duodenum and in the upper part of the small intestine where the pH is in the range 

of 4 to 6 . The water solubility of ester pro-drug cephalosporins is highest at low pH 

values in the stomach (Stoeckel et al, 1989) and reduces at higher pH. However, if the 

pH is increased above pH 7.0, it leads to isomerization and inactivation of the ester 

pro-drug cephalosporins and/or hydrolysis to the non-absorbable parent drugs 

(Miyauchi et al, 1989a,b). In the case of cefuroxime axetil, in vitro isomerization to 

the inactive A^-isomer and hydrolysis to A^-cefuroxime have been observed, but this 

has not been seen to any appreciable degree in vivo. Figure 1.5 illustrates some of the 

hydrolysis routes and products for cefuroxime axetil as discussed by Nguyen (1991) 

and Kees et al (1991).
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A CH,
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' A
CEFUROXIME

hydrolysis 
(in vitro)

DELTA - 2 CEFUROXIME

Figure 1.5 Structures for chromatographically identified products in 
cefuroxime axetil hydrolysis, (Nguyen, 1991).

The absorption of many oral antibiotics is reduced by co-administration with food, 

but it does however depend on the particular drug. The | absorption of penicillin G, 

phenoxymethyl penicillin and cephalexin is reduced when administered with milk, 

while ampicillin is unaffected (McCracken et al, 1978). The| absorption of cefuroxime 

axetil has been shown to be enhanced when administered after a meal (Williams and 

Harding, 1984; Sommers et al, 1984b; Firm et al 1987). Pivmecillinam, an ester pro

drug of mecillinam, behaves in a similar fashion (Hey et al, 1982).

Williams and Harding (1984) found the mean absolute bioavailability for cefuroxime 

axetil to be similar in male and female volunteers However, notable differences were
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observed in the fasted and fed states. In male volunteers, the bioavailability was seen 

to increase from 0.35 to 0.45 respectively. The difference in serum levels after fasting 

and after food are shown in Figure 1.6.

0)
E
XO
3
0)U

Afte r  food12

8

After \ 
fos t i ng  Q

4

0
Time ( h )

Figure 1.6 Serum levels o f  cefuroxime after single oral doses in 12 male and 11 
female volunteers after fasting and after food, (Williams and Harding, 1984).

Sommers et al (1984b) and Finn et al (1987) also noted an enhanced absorption of Ig 

oral doses when cefuroxime axetil was administered after food. This enhanced 

absorption after food is thought to be related to an increase in the extent rather than 

the rate of absorption, since the time of peak plasma concentration and the rate of 

absorption were similar for the same dose given before and after food (Finn et al, 

1987). With respect to cefuroxime axetil, several explanations have been proposed for 

this observed increase. Sommers et al (1984b) suggested that the presence of food 

caused delayed gastric emptying and gastrointestinal transit, thereby allowing more 

complete dissolution due to prolonged residence time at the most favourable site of 

absorption within the intestine. Finn et al (1987) hypothesised that food may have an
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effect on the luminal esterases responsible for the de-esterification process, while 

Kees et al (1991) suggested that rapid gastric emptying in the fasted state could result 

in an excessive amount of cephalosporin presented to the upper small intestine, 

thereby saturating the absorption process resulting in a negative effect on 

bioavailability. However, the observed effect is not attributed to the food-associated 

increase in gastric pH, since increased gastric alkalinity due to ranitidine and sodium 

bicarbonate reduces absorption (Sommers et al, 1984b). It has also been found that the 

effect cannot be attributed to altered pharmacokinetic parameters of the drug since 

renal clearance and apparent half-life do not change as a function of food (Finn et al, 

1987).

1.2.4 Stearic Acid-Coated Cefuroxime Axetil (SACA)

Cefuroxime axetil in tablet form has been shown to be successful in the treatment of a 

variety of complaints such as bacterial infection of skin and soft tissue, uncomplicated 

gonococcal infections, lower respiratory tract and urinary tract infections (Gooch et al 

1987; McLinn et al 1988; Pichichere et al 1987; Fong et al, 1986; Cox et al, 1987; 

Cooper et al, 1985; Gottlieb and Mills, 1986; Gudgeon et al, 1987; Baddour et al, 

1989). However, its administration to babies and young children was restricted due to 

only a tablet form being available. As previously mentioned, infants and young 

children may be unable to swallow whole tablets or capsules. Prior to the development 

of a suspension formulation it was sometimes necessary to administer crushed tablets 

mixed with a suitable beverage (Ginsburg et al, 1985), however this posed a question 

regarding the stability of the drug within such liquids. Studies carried out by St. Clare 

and Caudill (1988) and St. Clare et al (1989) showed cefuroxime axetil tablets 

(Ceftin™ 125mg and 250mg) to be stable for at least two hours when dispersed in 

several brands of fruit juice and chocolate milk then left at room temperature. This 

practice overcame some of the administration difficulties but a second problem 

became apparent. Cefuroxime axetil is known to have an unpleasant taste and this was 

exacerbated when the tablets were crushed. There was therefore a need to develop a 

liquid form of the drug which masked its unpleasant taste.
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In order to improve the palatability of the suspension, cefuroxime axetil was coated 

with stearic acid. This particular fatty acid was chosen due to its well documented 

characteristics as a B.P. material and also for its successful taste masking effect. This 

intermediate wax-coated product is known as stearic acid-coated cefuroxime axetil or 

SACA and is manufactured using a simple spray chilling process. The two materials 

are mixed together before being introduced into a stainless steel, jacketed mixing 

vessel. Once the materials are molten (a milky white suspension of the drug within the 

stearic acid is observed), the mixing vessel is pressurised and the material is forced 

through an atomising nozzle into a large, cooled collection vessel. The droplets 

solidify producing spheres of stearic acid which contain the drug. The formation of a 

spherical particle with a continuous wax surface is facilitated by the small, mostly 

spherical nature of the drug. Freeze fracture studies carried out by GlaxoWellcome 

has shown cefuroxime axetil to exist as several discreet particles within each sphere. 

This continuous barrier of stearic acid around the drug affords the required taste- 

masking effect. These ‘microspheres’ are granulated with sucrose prior to the addition 

of flavour to produce the final product, cefuroxime axetil for oral suspension (CAOS) 

which, when constituted with water, provides a sweetened and flavoured aqueous 

suspension of the drug. After re-constitution, the drug is prevented from leaching out 

of the suspension due to the presence of sucrose within the final product. Trials of the 

suspension in children have shown a good tolerance of the medication, indicating that 

the unpleasant taste of the drug has been successfully masked (Powell et al, 1991a; 

Shalit et al, 1994; Gooch et al, 1993).

A bioequivalence study using healthy adult volunteers, showed the suspension 

formulation to have a lower bioavailability than the tablets (Dorm et al 1994). This 

was attributed to the wax coating of the cefuroxime axetil granules. However, further 

studies showed that the pharmacokinetics of the suspension in infants and children 

were similar to the pharmacokinetics of the tablets in adults (Powell et al 1991b; Firm 

et al, 1987).

In the United Kingdom, the suspension and tablet dosage forms of cefuroxime axetil 

are marketed as Ziimat^^. The tablets are white, film-coated, capsule-like in shape and 

engraved with ‘Glaxo’ on one side and the strength 125 or 250mg on the other. The
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granules for the suspension are available in multidose bottles and sachets. 

Constitution of the multidose bottles as directed, yields a suspension containing 

125mg of drug in each 5ml and is stable for 10 days after preparation. The standard 

dose is 125mg twice a day for children and 250mg twice a day for adults taken for a 

total of seven days and is administered after food. The most common side-effects 

include diarrhoea (associated with higher dose), headache and rash, the latter 

indicating antibiotic sensitivity. Adverse effects of cefuroxime axetil are generally 

mild and transient in nature. The incorporation of cefuroxime axetil into pH- 

dependent cellulosic microspheres has also been investigated as an alternative taste 

masking approach (Cuna et al, 1997).

1.2.5 SACA ‘Microspheres’ Compared to Regular Microspheres

Although SACA is also referred to as a ‘microsphere’ product, it is dissimilar to the 

majority of these preparations in several ways. In general, these systems are intended 

to deliver drugs in a sustained manner after parenteral administration as opposed to 

taste-masking quick release oral formulations. The following discussion will briefly 

outline some of the development aspects and uses of more conventional microsphere 

systems so as to facilitate a comparison with the delivery systems under study here.

Prolonged drug action may be achieved by several methods. Many successful oral 

sustained release formulations have been developed but are not usually able to 

maintain release after 24hrs. For patients requiring longer therapy, it is sometimes 

possible to use a formulation designed for parenteral administration. Polymeric 

devices such as implants, microcapsules and coloidal dispersions may be used. To 

avoid the inconvenience of insertion of large implants, injectable biodegradable 

particles (microcapsules, nanocapsules) would appear to be an ideal delivery system. 

The formulation of drugs within a polymeric matrix is a common technique, with drug 

release due to diffusion through the polymer barrier or by erosion of the polymer 

matrix itself. Early polymeric devices for parenteral administration were prepared 

from silicon rubber (Folkman and Long, 1964) and polyethylene (Desai et al, 1965). 

The disadvantage of these devices was the need for surgical removal after drug 

exhaustion due to their non-biodegradability. The development of biodegradable
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polymers for this type of delivery was started in the early 1970s. Many natural bio

degradable polymers have been investigated in formulations to provide prolonged 

drug release and drug targeting. However, the cost and uncertainty of the purity of 

these natural products has restricted their use. Therefore, attention has been focused 

on biodegradable synthetic polymers, where the processing conditions can be 

controlled effectively. From a wide range of materials aliphatic polyesters such as 

poly(lactic acid) [PLA], [poly(glycolic acid) [PGA] and poly(lactide-co-glycolide) 

[PLCG] have attracted most attention due to their good histocompatability and 

biodegradeability.

The biodegredation of PLA can be tailored for a few hours or a few weeks, either by 

varying its molecular weight or by using copolymers such as PLGA. The degradation 

product of PLA is lactic acid, a natural metabolic product found in all higher animals. 

PLA is obtained from D,L-lactide via the ring-opening polymerization technique using 

a suitable catalyst (Kulkami et al, 1971; Marcotte and Goosen, 1989). It has 

applications for use in fracture fixation (Bos et al, 1991; Parikh et al, 1993).

Microspheres are well established as a drug delivery system since their distribution 

within the body can be controlled by their particle size and they can also be used to 

target a particular site within the body. The majority of microsphere preparations are 

formulated for parenteral administration. Their advantage over conventional 

formulations is that they can release drug at a constant level over prolonged periods of 

time, thereby eradicating the need for frequent injections. In patients undergoing daily 

injections during chronic therapy, treatment compliance may decrease, therefore, if a 

single injection of a sustained release product is administered, compliance will be 

improved. One group of drugs in which this is the case is peptides. When 

administered orally most proteins and peptides are not well absorbed by the 

gastrointestinal system and are degraded. Calcitonin is a hypocalcémie and 

hypophosphatémie polypeptide hormone. Its clinical use focuses on the treatment of 

bone diseases that need long term therapy such as Paget’s disease, hypercalcemia and 

osteoporosis. Non-parenteral administration such as nasal, rectal and vaginal can 

deliver the drug for short periods of time (limited use) but daily administration is still 

required (Diaz et al 1997). Studies by Lee et al (1991) and Metha et al (1994) have
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shown that it is possible to sustain blood levels of salmon calcitonin in rats for several 

days when incorporated into PLGA microphones. This method of drug incorporation 

into microspheres has also been investigated for parenteral administration of growth 

hormone releasing hormone (GHRH), a naturally occurring peptide (Thompson et al, 

1997). Microsphere formulations of vaccines intended to forgo the need for the usual 

booster injections are also under investigation (Chang and Gupta, 1996; Thomasin et 

al, 1996).

A further advantage of maintaining a constant drug level after a single injection is in 

the reduction of side-effects, particularly in the case of anti-tumour drugs. Existing 

immunotherapeutic protocols involve systemic delivery of repeated injections of high 

dose cytokines for extended periods of time. However, this protocol is not suitable for 

all drugs. Interleukin-la (IL-la) is a strong inducer of other cytokines with a potential 

to amplify and sustain the anti-tumour immune responses but it is not possible to use 

it in such protocols due to the occurrence of severe side-effects such as diarrhoea, 

fever and anorexia when it is given in large and repeated doses. Studies carried out by 

Chen et al (1997) have demonstrated the feasibility of controlled release PLGA 

microspheres to increase the immunotherapeutic effects of IL-la in developing 

tumours in mice. Microsphere formulations of cisplatin are also being investigated as 

a means of reducing unpleasant side-effects (Itoi et al, 1996).

1.3 Chemical and Physical Properties of Fatty Acids

Little information is known regarding the mechanism by which cefuroxime axetil is 

released from SACA. As stearic acid is the main component, it is important to have 

some understanding of its physical and chemical properties in order to help 

understand some of the processes occurring during dissolution, which in turn may be 

related to the mechanism of drug release. Many texts have been published with 

regards to fatty acids (Markley et al, 1967; Swem, 1979; Gunstone et al, 1986; 

Hanahan and Kuksis, 1978; Ralston, 1978; Garti and Sato, 1988; Patterson, 1968; 

Chapman, 1965; Small, 1986) and studies have been carried out investigating their
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properties in formulations (Briggs, 1995). The following discussion will outline some 

of the fundamental properties of these materials and then go onto discuss more 

specifically the crystal properties of stearic acid.

1.3.1 Occurrence and Fundamental Properties of Fatty Acids

1.3.1.1 Occurrence of Fatty Acids

Saturated fatty acids occur in association with the unsaturated fatty acids and hydroxy 

acids in the various oils, fats, and waxes. These fatty substances are essential 

components of animal, marine, and vegetable life. Most of the naturally occurring 

fatty acids are monobasic carboxylic acids consisting of a single carboxylic group 

attached to a hydrocarbon chain. The term ‘fatty acid’ is applied to a homologous 

series beginning with formic acid (methanoic Ci), acetic acid (ethanoic C2), and 

propionic acid (propanoic C3) continuing up to stearic acid (octadecanoic Cig) and 

higher. The term ‘fatty acid’ is a general one; the first four members of the series are 

not at all ‘fat-like’ and are instead hydrophilic in nature and totally miscible with 

water. With some exceptions, most fatty acids that occur in nature are straight-chain 

acids which contain an even number of carbon atoms

Laurie acid is one of the three most widely distributed naturally occurring saturated 

fatty acids along with palmitic and stearic. Laurie acid and myristic acid occur 

extensively in seed fats of the Lauraceae and Myristicaceae respectively, a fact which 

is reflected in the trivial names of the acids. Laurie acid is the dominant acid in 

ciimamon oil (80-90%), coconut oil (41-56%) and palmkemel oil (41-55%). Myristic 

acid occurs in nutmeg butter (60-70%) and at lower levels in coconut (15-18%) and 

palmkemal oil (14-20%). Due to their availability, coconut and palmkemal oil are the 

most convenient source of the Cg, Cio, C12, and C14 acids which can be isolated in a 

pure state by distillation. Arachidic and behenic are widely distributed but do not 

occur to any great extent in common fats. Olive, soybean, cottonseed, com, peanut, 

and rape-seed oils all contain small amounts of saturated fatty acids above C20 (Swem, 

1979).
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Palmitic acid is the most widely occurring saturated fatty acid, being present in 

practically all fats to the extent of at least 5%. It is present in fish oils (10-30%), in the 

milk and depot fats of land animals (up to 30%) and in vegetable fats. Contrary to 

popular belief, stearic acid is less common than palmitic. It is present in most 

vegetable fats, though a significant component in only a few such as the vegetable 

butters, e.g. cocoa butter (30-36%). Present in most animal fats, it is a major 

component in the tallow of ruminant animals (5-30%) (Gunstone et al, 1986).

1.3.1.2 Nomenclature

Common fatty acids are usually known by trivial names which refer to the plant 

species fiom which they were first isolated e.g. palmitic acid firom palm oil and lauric 

acid from seed fats of the laurel family. Under the Geneva system of nomenclature, a 

systematic name is also provided for each acid. Using this system, the number of 

carbon atoms is indicated by a greek prefix, for example acids of 12 and 18 carbon 

atoms take the prefix dodec-, and octadec-, see Table 1.1 for examples. Naturally 

occurring fatty acids may be divided into two groups due to the presence or absence of 

double bonds within the molecule. The term ‘saturated’ is used to describe those fatty 

acids in which all carbon atoms in the hydrocarbon chain contain two hydrogen atoms, 

while the term ‘unsaturated’ is used when fatty acids contain double bonds. Saturated 

acids are distinguished by the suffix anoic-, and have a general formula CnH2n0 2  

where ‘n’ may be an odd or an even number.
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Table 1.1 Systematic and common names o f some saturated and unsaturatedfatty
acids.

Common
Name

Systematic
Name

Number of 
Carbons

Formula Molecular
Weight*

Saturated
Methanoic Formic 1 HCOOH 46.03
Ethanoic Acetic 2 CH3COOH 60.05
Propanoic Propanoic 3 C2H5COOH 74.08
Butanoic Butyric 4 C3H7COOH 88.11
Pentanoic Valeric 5 C4H9COOH 102.13
Hexanoic Caproic 6 C5H11COOH 116.16
Heptanoic Heptlyic 7 CôHnCOOH 130.19
Octanoic Caprylic 8 C7H15COOH 144.21
Nonanoic Nonylic 9 CgHnCOOH 158.24
Decanoic Capric 10 C9H19COOH 172.27
Undecanoic Undecylic 11 C10H21COOH 186.30
Dodecanoic Lauric 12 C11H23COOH 200.32
Tridecanoic Tridecylic 13 C12H25COOH 214.35
Tetradecanoic Myristic 14 C13H27COOH 228.38
Pentadecanoic Pentadecylic 15 C14H29COOH 242.40
Hexadecanoic Palmitic 16 C15H31COOH 256.43
Heptadecanoic Margaric 17 C16H33COOH 270.46
Octadecanoic Stearic 18 C17H35COOH 284.48
Nonadecanoic Nonadecylic 19 C18H37COOH 298.51
Eicosanoic Arachiolic 20 C19H39COOH 312.54
Heneicosanoic 21 C20H41COOH 326.57
Docosanoic Behenic 22 C21H43COOH 340.59

Unsaturated
Palmitoleic 9-Hexadecenoic 16 C15H29COOH 254.4
Oleic 9-Octadecenoic 18 C17H33COOH 282.5
Erucic 13-Docosenoic 22 C21H41COOH 338.6
Linoleic 9,12-

Octadecadienoic
18 C17H31COOH 280.5

Linolenic 9,12,15-
Octadecatrienoic

18 C17H29COOH 278.5

Eleostearic (a) 9,11,13-
Octadecatrienoic

18 C17H29COOH 278.5

♦Unichema, 1992.
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The greater the number of double bonds present within a molecule, the higher its 

degree of unsaturation. In order to indicate this, the prefix is modified, e.g. oleic acid 

with one double bond is octadecaenoic acid, linoleic acid with two double bonds, is 

octadecadienoic acid and linoleic acid with three double bonds is octadecatrienoic 

acid. The general formulae for mono-, di-, and tri-unsaturated acids are CnH2n-202, 

CnH2n-4 0 2 , and CnH2n-6Û2 respectively. The position of the double bonds is indicated 

by prefixing the numbers of the carbon atoms between which the double bonds occur 

or by using the numbers of the first carbon atoms of the double bonds, counting from 

the carboxyl group as number 1. The iodine number is used to measure the average 

degree of unsaturation. It is defined as ‘the number of grams of iodine absorbed under 

standard conditions by 100 grams of fat’. However, this value will only represent the 

true unsaturation of fats or fatty acids when the double bonds are unconjugated and 

the structure is not severely hindered e.g. a,p-unsaturated fatty acids are known to 

give incomplete addition.

Polysaturated fatty acids can be of the ‘non-conjugated’ or ‘conjugated’ type. In the 

former, the double bonds are separated by one carbon atom, while in the latter, single 

and double bonds alternate between carbon atoms. The number and position of the 

double bond determines the reactivity of the unsaturated fatty acids.

I  I I I I  I I  I  I  I  I  I  I  I
— C— C = C — C— C = C — C— — c — c = c — c ^ = c — c — c  —

I I I  I  I I

(a) (b)

Figure 1.7 (a) Non-conjugated fatty acid, (b) Conjugatedfatty acid.

Monosaturated acids can exist in a ‘cis’ or ‘trans’ form. A ‘trans’ linkage produces 

less irregularity in the straight-chain structure, therefore of the two forms the trans 

form is usually higher melting and less reactive. The number of ‘cis-trans’ isomers 

increases with the number of double bonds. In general, naturally occurring fatty acids 

are of the ‘cis’ form, however they may be converted to the ‘trans’ form in the course 

of processing when exposed to heat and certain catalysts.
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1.3.1.3 Fatty Acid Manufacture and Commercial Grades

Fatty acids may be produced by several methods including hydrogenation, hydrolysis, 

distillation, and separation processes which includes panning and pressing or solvent 

methods. Panning and pressing involves the crystallisation of solid or saturated fatty 

acids in a solvent of liquid or unsaturated fatty acids. In consequence, the solid or 

saturated fatty acids must exhibit a reasonably good crystalline formation so that the 

liquid acids may be easily and efficiently expressed. Solvent methods use a liquid-to- 

liquid extraction. Of the many methods available, the Emersol Process has the most 

commercial installations (Potts and Muckerheide, 1968); animal fatty acids may be 

separated in this manner to yield stearic and oleic acids. The process involves the 

controlled crystallisation of fatty acids fi*om a polar solvent to achieve a separation of 

solid fatty acids fi*om liquid fatty acids. ‘Stearic acids’ of commerce are highly 

processed materials derived mostly fi’om hydrogenated tallow, hydrogenated soya 

bean oil or a number of other fats and oils. There are four main grades of commercial 

‘stearic acids’ available.

‘Triple-Pressed’

This was originally made by separation fi*om tallow fatty acids by three successive 

‘pressing’ operations. In these, the liquid unsaturated acids were expelled firom the 

solid saturated ‘cake’ acids. Triple pressed stearic acid conforms, roughly to a product 

comprising 1.5% Cw, 0.5% C15, 50% C16, 1% C17, and 47% Cig fatty acids with less 

than 0 .2 % oleic acid remaining.

‘Double-Pressed’

This represents an acid of the quality afforded by two successive pressing operations. 

Its typical composition is about 2.5% C14, 50% Cig, 1% C17, 40% Cig fatty acids with 

about 6 % oleic acid remaining.

70% Stearic Acid

This is primarily fi*om forerun-stripped hydrogenated tallow fatty acids but also 

obtained fi-om hydrogenated cottonseed fatty acids or from coconut 'bottoms' fatty 

acids. It is a large volume product of commercial importance with many uses. Its
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approximate composition is 3% or less Ch, 0.5% C15, 28.5% Cig, 1% Cn, and 69% 

C18 fatty acids.

95-99% Stearic Acid

Although this type of stearic acid can be manufactured by fractional distillation 

separation, its cost of manufacture seriously limits its utility.

1.3.1.4 Commercial Uses of Fatty Acids

Stearic acid and its derivatives are widely used in many industries including cosmetic, 

toilet, textile, food, and pharmaceutical (Mores, 1980; Pilpel, 1971; Musikabhumma 

et al, 1982; De Haan and Lerk, 1984). Stearic and palmitic acids are the major fatty 

acids utilised in their uncombined states in cosmetic formulations, primarily in 

greaseless creams and lotions such as vanishing creams, hand creams and lotions. The 

triple pressed grade of stearic acid is used in the greatest volume. Magnesium and zinc 

stearates form a lubricating, protective, water-repellent film and are therefore valuable 

components of face, body and baby powders. Sodium fatty acid salts are the basis of 

toilet soaps, but due to their low solubility in water have only restricted application in 

emulsions, shampoos and shaving foams. Sodium stearate and sodium palmitate are 

gelling agents for cologne and deodorant sticks.

Fatty acids and their derivatives are also used within the textile industry as detergents, 

wetting and penetrating agents, water repellents, drying assistants and lubricants 

(Cohen, 1968). Within the food industry mono- and diglycerides of fatty acids alone 

or in combination with their corresponding diacetyltartaric acid esters are used as 

bread softeners. Fatty acid derived emulsifiers are added to cakes in order to reduce 

the ration of eggs and butter but still maintaining large volume light cakes (Knight and 

Lehman, 1968).

The pharmaceutical applications of fatty acids and their derivatives can be broadly 

divided into three main areas, processing aids (antifoaming agents, tablet lubricants), 

pharmaceutical components or excipients (emulsifiers, stabilisers, solubilisers, 

suppository bases, coatings), and active pharmaceuticals such as spermicides. A
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common application of fatty acid derivatives, in particular the metallic salts of fatty 

acids, is their use as tablet lubricants which are incorporated into the final tablet and 

granulation to facilitate compression of the granules and prevent adherence to the wall 

of the die. They are also used as protective coatings to protect ingredients |from the 

atmosphere, mask unpleasant taste and odour, improve appearance and control the site 

of action of the medication as well as its release rate. They have also found 

widespread use in the preparation of ointment bases and creams (Knight and Lehman, 

1968).

1.3.2 Physical Properties of Fatty Acids

Physical properties such as oiliness, surface activity, melting behaviour, viscosity or 

solubility associated with the fatty acids and their derivatives are often of major 

importance in their commercial applications. Since general information regarding the 

physical properties of fatty acids can be found in a number of texts (Swem, 1979; 

Patterson, 1968), the following discussion will be restricted to melting, boiling and 

solubility properties.

1.3.2.1 Melting Point of Fatty Acids

The melting point is an important characteristic of fatty acids which is useful for 

identification purposes and important in many technological applications. The melting 

point of saturated fatty acids gradually increases with increasing chain length. With 

even fatty acids the difference between adjacent members becomes less as the series 

ascends. For example, the melting point of Cio and Cn differ by over 12°C whereas 

C34 and C36 melt within 1.7°C of each other. This convergence behaviour towards an 

asymptotic value of about 120-125°C for infinitely long chains is also responsible for 

the diminution of physical differences. As can be seen from Figure 1.8, a graph of the 

melting points of fatty acids plotted against carbon number does not produce a smooth 

curve if odd and even numbers are plotted together. However, a smooth curve is 

achieved if each series is plotted independently with the even numbered acids melting 

at a slightly higher temperature then their odd counterparts. This may be explained by 

the methyl end group structure (Larsson, 1966). Crystal structures of the odd and even
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fatty acids are isomorphous, which means that they differ only in their packing 

differences over the methyl group gap in the two forms. A denser packing is achieved 

when the last bond in the chain (CH2-CH3) is almost perpendicular to the end group 

plane which is the case in the even series of fatty acids (Pattison, 1968; Markley,

1967). As chain length increases the differences between odd and even acids becomes 

less evident.

% 40

8 12 16 20 24
Number of carbon atom s in acid

Figure 1.8 Melting points o f odd and even saturatedfatty acids (Swern, 1979).

The presence of unsaturation within the molecule lowers the melting point with 

polyunsaturation producing a greater decrease than monounsaturation. For example, 

the melting point of oleic acid is 14°C, linoleic acid is -5°C and linolenic acid is 

-11°C. A trans bond will also cause a decrease in melting point but to a lesser extent 

then a double bond.
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Evidence for the formation of eutectics and solid solutions is in the melting behaviour 

of mixtures of saturated fatty acids. There is strong evidence that compound formation 

occurs in approximately equimolar blends of adjacent even-numbered fatty acids. 

Figure 1.9 shows the melting profiles of blends of capric-lauric, undecanoic-lauric, 

and palmitic-stearic acids. It can be seen that in mixtures of adjacent even numbered 

fatty acids, a minimum melting point (eutectic) occurs when the composition is 

approximately 72.5 mole % of the lower molecular weight compound. At 50 mole %, 

it is likely that a double compound is formed by association of the two molecules of 

fatty acid, since there is a clear change in the slope of the melting curve. Blends of 

adjacent even numbered fatty acids differing by more than two carbon atoms also 

form double compounds and eutectic mixtures, due to the fact that they exhibit the 

same melting profiles (Pattison, 1968).
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Figure 1.9 Melting profiles o f blends o f capric-lauric, undecanoic-lauric, and 
palmitic-stearic acids (Pattison, 1968).
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1.3.2.2 Boiling Point of F a tty Acids

Boiling points of fatty acids increase steadily with ascending molecular weight. 

Unlike their melting points, there is no tendency towards alternation in boiling points 

between odd and even fatty acids. This is because due to the high temperature 

required to cause boiling, the degree of association diminishes markedly. The boiling 

point of methyl esters is approximately 30°C lower than their corresponding acid. 

However, the boiling points of fatty acids and their corresponding methyl esters do 

tend to converge as the molecular weight increases (Pattison, 1968).

In commercial practice, large quantities of fatty acid mixtures are straight distilled or 

fractionally distilled in vacuum equipment. It is not feasible to separate mixtures of 

fatty acids by fractional distillation if they are separated by only one carbon atom in 

their chain length, and those which are two carbon widths apart can only be separated 

with difficulty. The reason behind this is that fatty acids do not behave in an ideal 

manner and show significant deviations from Raoult’s law (Monick et al, 1946; 

Williams and Orbum, 1949). For precise fractional distillation, esters are the preferred 

species, especially the methyl esters, although ethyl and propyl esters can be used. 

These esters are almost ideal in their behaviour; their boiling points are lower than 

those of the corresponding acids and they are more thermally stable (Swem, 1979).

1.3.2.3 Solubility of Fatty Acids in Polar and Non-polar Solvents

Fatty acids are only soluble to a limited extent in water, even at elevated temperatures, 

and their solubility decreases as their chain length increases e.g. lauric acid (C12) 

0.0055% soluble and stearic acid (Cig) 0.00029% soluble at 20°C. However, water 

possesses a significant solubility in fatty acids e.g. lauric acid will hold 2.7% water at 

75°C and stearic acid will hold 1.02% at 92.4°C (Pattison, 1968). In general, the 

solubility of fatty acids in organic solvents decreases with increases in chain length 

and increases with an increase in the number of double bonds (Swem, 1979). 

Therefore, there are sufficient differences in the solubility of saturated and 

poylunsaturated fatty acids to enable reasonably efficient separation of mixtures by 

fractional crystallisation.
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It is important to note that when determining the solubility of fatty acids pure samples 

must be used, since even low levels of impurities can have a marked effect on 

solubility. Fatty acid mixtures have a greater solubility in a given liquid than would 

have been predicted from the solubility data of the individual components (Pattison,

1968). As closely allied species become solubilised in an organic liquid, they act to 

increase the solubilising power of the liquid phase. This is more pronounced using 

mixtures of odd- and even-fatty acids, since the former tend to associate less, making 

them more soluble to begin with.

1.3.3 Chemical Reactivity of Fatty Acids

The type, placement and number of functional groups present on a fatty acid molecule 

determine the variety of chemical reactions which it is likely to undergo. As all fatty 

acids contain a carboxyl functional group they exhibit its typical chemical reactions. 

The number of reactive sites differ with respect to the degree of unsaturation within 

the molecule and whether is it presented as a conjugated or nonconjugated form.

Stearic acid contains only two readily active sites; one at the carboxyl group, (Ci) and 

the other at the a-methylene group (C2). The rest of the chain is formed of relatively 

unreactive methylene groups. Oleic acid, however, contains six reactive groups due to 

its degree of unsaturation. Along with the carboxyl and a-methylene groups, 

chemically active sites are also present at carbon numbers 8 , 9, 10, and 11. The higher 

the amount of unsaturation, the greater the number of active sites present within the 

molecule.

Several text books describe the great number of specific chemical reactions undergone 

by long-chain fatty acids (Swem, 1979; Pattison, 1968). Only two reactions which 

involve the carboxyl group and are important to stearic acid will be discussed below, 

but examples of general and specific reactions of fatty acids are included in

Appendix I.



Chapter 1 ....Introduction /  36

1.3.3.1 Ionisation of Fatty Acids

Aqueous solutions of carboxylic acids contain hydronium ions. Their concentration is 

dependent upon the ionisation constant of the dissolved acid and the number of moles 

of acid present in solution. Most simple carboxylic acids have ionisation constants in 

the vicinity of 10'  ̂ irrespective of chain length. High molecular weight acids, such as 

stearic acid, cannot give low pHs in water because of their limited solubility. 

Carboxylic acids showing good water solubility give a distinct acidic reaction. A 0.1 

molar solution of acetic acid (0.6wt.%) has a pH less then 3. A saturated aqueous 

solution of stearic acid (6  x lO'^wt.%) has a pH of about 5.6 at 25°C (Pattison, 1968).

1.3.3.2 The Role of Fatty Acids in Soap Formation

Fatty acids react readily with sodium or potassium hydroxides and carbonates to 

produce salts which are commonly known as soaps.

RCOOH+ NaOH —" RCOONa + H2O 

2RC00H+ K2CO3 -► 2RC00K + H2O + CO2

Reactions of the fatty acids with corresponding compounds of such metals as zinc, 

lead, manganese, cobalt or tin are more difficult, but are readily accomplished at 

elevated temperatures. It is usually more feasible to prepare soaps of the heavy metals 

by double decomposition of a sodium or potassium soap and a salt of the metal. The 

following reaction is typical of the latter method:

2NaC00R + Pb(OOCCH3)2 Pb(0 0 CR>2 + 2NaOOCCH3

Commercially, these reactions are carried out on a large scale, particularly in the 

manufacture of lubricating greases and metallic dryers for paints and other protective 

coatings, and also in the preparation of vinly resin stabilisers. A more extensive 

discussion on soap formation is included in Section 1.3.5.
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1.3.4 Crystal Structure of Fatty Acids

In spite of their simple chemical structures, lipids and related organic compounds, 

such as n-alkanes and «-fatty acids, appear in a variety of structures depending on 

their crystallisation conditions and their thermal history. They crystallise in a lamella 

structure in which their long-chains are packed almost parallel to each other. All of 

these different forms are classified as belonging to polymorphism or polytypism 

{Figure 1.10).

POLYMORPHISM POLYTYPISM

orthorhombic

monoclinic

monoclinic

pseudo-
orthorhombic

Figure 1.10 Illustrations ofpolymorphic and polytypic modifications
(Garti and Sato, 1988).

Polymorphism is the ability of a compound to exist in more than one crystalline form. 

A solid formed from solution, melt or vapour phase may crystallise into more than one 

possible structure and is dependent on the conditions involved (e.g. temperature and 

pressure). These different structures are called polymorphs or polymorphic 

modifications. Some polymorphs may also be obtained fi’om phase transitions in the 

solid state. Due to the different structures having the same chemical composition, they 

possess similar chemical properties, but their physical properties such as melting point 

and optical behaviour will depend on the arrangement of atoms within their structure 

and may be different.

Polytypism can be defined as one-dimensional polymorphism, since it is caused solely 

by a different stacking sequence of the long-chain lamellae in a particular direction.
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The two-dimensional arrangements of the unit cell remain the same, while the third is 

a variable integral multiple of a common unit and depends upon the stacking 

sequence. The different ways by which these layers can be stacked may result in 

structures having not only different morphologies, but also different lattice types and 

space groups.

1.3.4.1 Hydrocarbon Chain Packing

All hydrocarbon chains in crystalline long-chain compounds are packed in one of 

several ways, irrespective of the functional group present. The type of chain packing is 

described by using the subcell corresponding to the smallest repetition unit within the 

chain layer. This concept was developed by Vand in connection with his X-ray 

diffraction studies on soaps (Vand, 1951). Theoretical analysis of possible 

hydrocarbon chain-packing modes in terms of subcells have been given by Segerman 

(1965) and Abrahamsson et al (1978). By lateral repetition of the subcell, the entire 

structure of the chain region is obtained. The subcell is described by a letter indicating 

its symmetry (e.g. T for triclinic, M for monoclinic, and O for orthorhombic) followed 

by a symbol indicating whether the zigzia planes of the different chains are parallel (n) 

or perpendicular (±). Figure 1.11 illustrates four types of subcell. Orthorhombic and 

triclinic chain packing are the closest packing arrangements that can be achieved and 

are therefore the only ones occurring in stable forms of simple lipids. Whether Tn or 

0±  occurs depends upon the preferred tilt of the molecules. Information on the other 

types of subcells, such as hybrid, can be found in Garti and Sato (1988).

Even numbered n-fatty acids show complex polymorphism (Kobayashi et al, 1986; 

Kobayashi, 1988; Small, 1986). The solid phase structures are categorised into four 

main groups; a series of triclinic modifications named A [A-super (Goto and Asada, 

1978a), Ai (Lomer, 1963), A%, and A3 (Kobayashi et al, 1984a) and three monoclinic 

forms named B (Goto and Asada, 1978b), C (Vand et al, 1951; Malta et al, 1971) and 

E (Kaneko et al, 1990). The acyl chains form the triclinic subcell (Tn ) with parallel 

zig-zag planes in the A form, and the orthorhombic subcell (0±) with perpendicular 

skeletal planes in the B, C, and E forms.
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Figure 1.11 Hydrocarbon chain-packing alternatives as defined by the corresponding 
subcell a, triclinic chain packing Tu. b, monoclinic Mu. c, orthorhombic 0±. 

d, orthorhombic O'±. (Garti and Sato, 1988).
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The polymorphic transitions of the fatty acids have been reported by Stenhagen and 

von Sydow (1953). Figure 1.12 summarises the polymorphic transitions of long chain 

even numbered fatty acids. Forms A, B and C can be obtained from solvents but only 

the C form can be formed from the melt. At high temperatures, the C form is the most 

stable. This is supported by the irreversible A->B->C transition. The transitions 

shown in Figure 1.12 are not complete since a solid-state transition of the C-form to 

the crystal form A-super has been observed in lauric acid (Lomer, 1955).

liq
it

A — B C

\  Î /
solvents

Figure 1.12 Polymorphic transitions o f even (long-chain) fatty acids.

1.3.4.2 Polymorphs of Stearic Acid

Fatty acids are the major building blocks of complex lipids and their polymorphic 

behaviours have been investigated by many researchers (von Sydow, 1955; Malkin, 

1952; Bailey et al, 1972). Stearic acid, one of the most abundant fatty acids in nature, 

exhibits both polymorphism and polytypism. It occurs in one of four modifications 

namely A (Clark, 1955), B (von Sydow, 1955; Goto and Asada, 1978b; Morishita et 

al, 1987; Larsson and von Sydow, 1966; Kobayashi et al, 1984b), C (Malta et al, 

1971), or E (Kaneko et al, 1990; Holland and Nielsen, 1962). The following section 

will describe each polymorph in turn.

A form: This is the rarest form. Little information is available since the crystal 

structure has only been studied incompletely for fatty acids having a low number of 

carbon atoms.

B Form: This form of stearic acid exhibits polytypism, single-layered monoclinic 

(Mon) and double-layered orthorhombic (Orth II) polytypes are obtained. Mon 

corresponds to the ordinary monoclinic form where all the molecular layers stack in
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the same sense and one layer constructs the crystallographic repeating unit. In orth H 

the orientation of molecular layers changes alternately by 180° rotation about the axis 

normal to the layer surface forming a double-layered unit cell. This structure has been 

confirmed by x-ray (Boistelle et al, 1976; Kobayashi et al, 1980) and vibrational 

spectroscopic methods (Kobayashi et al, 1983; Morishita et al, 1987). Orth H has been 

found to be more thermodynamically stable than Mon in the high temperature range 

(Kobayashi et al, 1984b). When obtained by crystallisation from organic solvents, the 

B form is the most stable at room temperature. However at 46°C it undergoes 

irreversible transformation into the C form (Degerman and von Sydow, 1959).

C Form: This is the most stable polymorph of stearic acid. Its structure is well defined 

with respect to the class of organic compounds to which is belongs and is stable up to 

a melting point of 69.7°C (Malta et al, 1971). Due to difficulties in preparing suitable 

single crystals of this form, work has been carried out to determine the structure using 

powder methods. IR and Raman studies using several tens of single crystals have 

indicated that C-form may not reveal multiple polytypism around room temperature 

and under moderate crystalline conditions. The C polymorph reveals an all trans 

conformation both of aliphatic chains and carboxyl groups. The B and C forms are 

similarly packed, the main difference between them is that the B form structure can be 

considered as being rotated around the long axis of the base of the subcell of the 

common orthorhombic type, thus increasing the dimensions of the shorted axis, while 

the structure of the C form is tilted over the short axis, producing an increase in the 

long-axis dimension. This inclination must be clearly associated with the 

stereochemical effects of the carboxylic acid groups. The hydrogen bond difference is 

also different with respect to the two forms.

E form: The presence of the E form was first established in 1962 by Holland and 

Nielson. They obtained single crystals of stearic acid from an diethyl ether solution. 

The crystal had a lozenge shape with an acute interedge angle of about 74° like that of 

the B form, but showed an infrared spectrum different from those of any of the 

previously known modifications. They concluded that this was a new type of crystal 

and named it the E form. Since the E and B forms have almost the same structure with 

respect to the lamella interface which consists of methyl terminals, it was expected to
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show polytypism. As the result of detailed investigation of solution-grown crystals, it 

has been clarified that the E form of orth II is also generated on crystallisation 

(Kaneko et al, 1994). Few studies on the structure and properties of the E form have 

been carried out since it is a metastable phase and the preparation conditions are 

uncertain. However, in recent years success has been had in obtaining reproducible 

good single crystals and structural analysis has been performed by X-ray diffraction 

(Kaneko et al, 1990). The polymethylene chain assumes an all-trans conformation and 

the plane of the sublattice is nearly parallel to the basal plane as in the B form. The 

most prominent difference between the structured of the E and B forms is in the 

conformation in the vicinity of the carboxyl group. The E form has a straight acyl 

chain, while the C2-C3 bond in the B form takes a gauche conformation and the 

interatomic distance between the neighbouring carboxyl groups are slightly larger than 

those in the B form.

1.3.4.3 Formation and Solid-state Transitions of Stearic Acid Polymorphs.

The occurrence of a particular polymorph is dependent upon the crystallisation 

conditions. In general, A and C forms prevail in non-polar solvents at higher 

supersaturation while the B form is more likely at lower supersaturation. In polar 

solvents, the occurrence domain of the B form is more extended towards the higher 

supersaturation region (Sato and Boistelle, 1984). The addition of surfactants and 

temperature are also important factors (Garti et al, 1982; Sato et al, 1985). Numerous 

polymorphic transformations of the long-chain compounds are of the first order type 

and accompanied by a latent heat of transformation and a thermal hysteresis (Sato and 

Kobsyashi, 1991). Upon heating the A and B forms transform irreversibly to the C 

form, which is the most stable at the higher temperature region. It is also known that 

the E form undergoes a similar transition around 45°C. Although the apparent features 

of the starting single crystal remain almost unchanged during the transition, extremely 

large collective displacements of the acyl hydrocarbon chains take place (Kaneko et 

al, 1992). All transitions are known to be irreversible since at decreasing temperatures 

the C form remains unchanged.
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1.3.5 Soaps and Liquid Crystals

Soaps are the salts of mono-, di-, or trivalent metals with aliphatic carboxylic acids. 

The physical properties of soaps are different to those of the protonated fatty acid and 

there is considerable differences between individual soaps. In the anhydrous state, the 

chain-melting transition of a potassium soap is 100-200°C higher than that of its 

analogous acid. Furthermore, whereas the acid melts to the liquid state at the same 

temperature as the chain-melting transition, the soap undergoes thermotropic 

mesomorphism through a series of liquid crystalline states before melting to an 

isotropic liquid at approximately 320°C (Small, 1986). The solubility of long-chain 

acids in water is quite low in contrast to the very high solubility of potassium soaps 

above their chain melting transition (about 40% by weight). This high solubility, 

which is imparted by the strong aqueous interaction of the ionised carboxyl groups, is 

the reason why soaps act as detergents, form micelles and can solubulise many other 

kinds of insoluble substances, including fats, oils, phospholipids and proteins. The 

physical behaviour of these systems in water is extremely complex and is dependent 

upon the fatty acid concentration, temperature, cation type and concentration, state of 

ionisation (pH), and chain length.

The following discussion will be concerned with the phase changes occurring in 

anhydrous sodium soaps as a function of temperature. Sodium stearate will be used as 

an example since it typifies these systems. Figure 1.13 illustrates, by a variety of 

techniques, the phase changes taking place in anhydrous sodium stearate as a function 

of temperature. Using hot-stage polarising microscopy. Void et al (1941) were able to 

define a number of different textures. These are illustrated at the top of Figure 1.13. 

Following on from this, the use of dilatometry showed discontinuities in the volume- 

temperature curve which corresponded to the changes observed using microscopy. 

The DTA curve shows several endothermie events indicating the absorption of heat, 

again roughly corresponding to the phase transitions noted by the other techniques. A 

major break-through in defining the different states within the soaps was by using x- 

ray diffraction studies. The curd phase was found to be crystalline; during the change 

from curd to subwaxy the sharp crystalline spacings became a diffuse band which was 

attributed to chain melting in this particular system. Furthermore, the three-
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dimensional crystalline lattice changed to a two-dimensional rectangular lattice and it 

was shown that the transitions occurring from subwaxy-waxy, waxy-superwaxy, and 

superwaxy-subneat were related to abrupt changes in the length (a) and the width (b) 

of the two-dimensional rectangular lattice {Figure 1.13). Later DSC studies (Pacor 

and Spier, 1968) found that a major enthalpy change occurred between curd and waxy, 

which was consistent with the major enthalpy change associated with chain melting. 

At higher temperatures only, minor changes occurred in the waxy-superwaxy-subneat 

region which were consistent with rearrangements within the two-dimensional 

rectangular lattice. A major change was seen to occur in the transition from the two- 

dimensional rectangular lattice to the one-dimensional lamellar lattice (subneat-neat), 

indicating a possible change in the polar packing. The final melting to the liquid state 

was only accompanied by a very small change in enthalpy.

In summary, sodium stearate undergoes a series of thermotropic transitions between 

crystal and liquid crystal structures before melting to an isotropic liquid. The 

structures, in decreasing order, include three-dimensional crystalline states, a series of 

two-dimensional rectangular lattices in which the chains are largely melted, a one

dimensional lamellar liquid crystalline state, and finally a liquid. The major transitions 

in terms of enthalpy are the chain melting transitions from curd to subwaxy, and the 

rearrangement from the two- to one-dimensional lattice. Many of the other sodium 

soaps undergo similar transitions with the temperature and lattice parameters being 

dependent on chain length.
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Figure 1.13 Thermotropic phase changes o f anhydrous sodium stearate (Small, 1986).
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1.3.6 Acid-soap Formation of Fatty Acids

A further feature of fatty acids is their ability to form acid-soaps. These are crystals 

that contain fatty acid and metal caroxylate (soap) ion pairs. The amount of carboxylic 

acid and metal carboxylate ion pairs is stoichiometrically discrete and can be 

described by the general formula MxHyAz where x, y and z are integers (x + y = z), M 

is Na^ or K^, and A is an alkanoate ion of the form CH3(CH2)nCOO'; where n is 

between 6 and 20 (Lynch, 1997). These crystals exhibit some similarities with respect 

to the parent fatty acid and metal carboxylate in that the carboxylic-acid-like and 

carboxylate-ion-like character is retained. However, there are differences e.g. the head 

group region consists of fatty acids and metal carboxylate ion pairs which are bonded 

in the crystal in a different fashion than in either fatty acids or soap crystals.

The existence of acid-soap crystals is a consequence of the miscibility of fatty acid 

and metal carboxylate ion pairs in the solid state. It is thought that this miscibility is a 

consequence of strong hydrogen bonding between the fatty acid and carboxylate ion. 

The fatty acid is the stronger hydrogen bond donor and the carboxylate ion is the 

stronger hydrogen bond acceptor within the mixture. There are two characteristic 

factors of acid-soap crystals. Firstly, they have distinct stoichiometries and secondly 

the ratio of the two components within the crystal may vary. In the past there has been 

much ambiguity regarding the types and thermodynamic relationship of acid-soap 

crystals across the composition range. Many workers have reported the existence of 

different crystals when using the same composition range, and the presence of 

different polymorphic forms have also been reported (Lynch et al, 1996).

There is an extensive array of acid-soap crystals; for example, five types are found for 

acid-soap stearates (Kung and Goddard, 1969). This can easily be explained by 

considering the variety of crystals that can exist with both fatty acids and soaps. 

Several different single crystal structures have been reported for even-chain length 

fatty acids (Lomer, 1963; Goto and Asada, 1978a,b; Malta et al, 1971; Kaneko et al, 

1990). Soaps can also form numerous phases. Contradictions in earlier data and 

problems associated with defining the types and relationship between crystals is due to 

the lack of sufficient characterisation of the systems and the difficulty in generating
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equilibrium crystalline phases for solid binary systems. The origin of the latter 

problem is the inability of the mixture to equilibrate rapidly in the solid state. For the 

attainment of equilibrium two constraints are placed on the methods used. Firstly, it is 

necessary to approach equilibrium using isothermal studies, as during the cooling of 

the liquid mixture the system goes from a highly disordered state to a highly ordered 

state which is an entropically disfavoured process subject to kinetic variability and 

secondly, it is undesirable to introduce a third component (i.e. solvent) to the system. 

In most reported phase studies of acid-soaps, crystal preparation is achieved either by 

cooling a melt or by solvent recrystallisation. In either case at least one of the above 

constraints is not followed. With fatty acids numerous phases can be generated using 

different solvents and cooling conditions, therefore it can be presumed that the same 

problem extends to the formation of acid-soap crystals. The level of knowledge 

regarding the thermodynamic relationship of the acid-soap crystals is a further factor 

which also confers uncertainty with respect to the binary phase diagrams. In 

conclusion, these systems are extremely complex in nature and contradictions have 

been observed in published data, although advances in methodologies and techniques 

used in their study will no doubt improve the characterisation of these systems.

1.4 Obj ectives of Proj ect

Cefuroxime axetil suspension is a successfully marketed product used to treat a wide 

range of infections. The intermediate product SACA is manufactured by a relatively 

straight forward spray chilling process, and it is hoped that this technology may be 

applied to the formulation of other drugs. However, the mechanism by which 

cefuroxime axetil is released from this system is not fully understood, therefore 

difficulties may arise if this process is transferred to other materials. The principal aim 

of this study was to identify factors which influenced the release of drug from this 

system, with a view to gaining an insight into the mechanism of release. In particular 

the nature of the dissolution media was investigated. Microscopy and thermal analysis 

were employed to characterise the changes occurring to the spheres during the 

dissolution process. Analytical techniques, flame emission spectroscopy. X-ray 

diffraction and gas chromatography, were also employed in the characterisation
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process. The observed changes were interpreted with the aim of establishing an initial 

hypothesis regarding the mechanism of drug release for this system.
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2. MATERIALS

2.1 Cefuroxime Axetil

Cefuroxime is commercially available for parenteral administration as the sodium salt 

and for oral administration as the pro-drug cefuroxime axetil. Both occur as white to 

off-white amorphous powders and their molecular weights are 446.4 and 510.5 

respectively (Therapeutic Drugs, 1991; Martindale, 1996). Cefuroxime sodium is 

freely soluble in water, 2GGmg/mL, slightly soluble in alcohol, Img/mL and 

practically insoluble in ether (Drug Information, 1995). Cefuroxime axetil shows poor 

solubility in water, alcohol, dehydrated alcohol and ether, but is soluble in acetone, 

chloroform, ethyl acetate and methyl alcohol (Martindale, 1996). The pro-drug has 

little, if any, antibacterial activity until hydrolysed in vivo to the parent drug, 1.2Gg of 

cefuroxime axetil and l.G5g of cefuroxime sodium is approximately equivalent to Ig 

cefuroxime (Martindale, 1996). Cefuroxime is itself acidic in nature and has a pKa of 

=2.5 (Drug Data Handbook, 199G).

A single batch of cefuroxime axetil was used throughout the study, BN:UOPW 2565, 

which was obtained from Glaxo Wellcome Operations, Ulverston, Cumbria and used 

as received. The following specifications were obtained from its accompanying 

certificate of analysis: assay by HPLC (dry basis) 99.1%, isomer ratio (A x  1GG/A + 

B ) 51.5%, water by Karl Fischer G.1% and acetone G.6 8 %.

The ultraviolet spectrum of cefuroxime axetil, up to a concentration of 2.4x1 G*̂ %w/v 

(absorbence approximately one), in selected buffers was determined using a Perkin- 

Elmer 554 UV-VIS Spectrophotometer (Beaconsfield, UK). In all cases a linear 

absorbence was observed with increasing drug concentration over the range used, see 

Figure 2.1, and a single maximum in the spectrum region between 28G-282nm was 

obtained.

Examination of the drug substance by scanning electron microscopy showed it to 

consist of hollow spheres approximately 2-3Gpm in diameter, see Plate 2.1.
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y = 379.23% + 0.012 

=  0 .999
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Figure 2.1 Calibration curve for cefuroxime axetil in Sorensens modified phosphate

Platel. 1 Scanning electron micrograph o f cefuroxime axetil.
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The outer and inner surfaces of the spheres are extremely smooth and virtually free 

from imperfections. The spherical nature of the material is a result of its processing 

conditions. Cefuroxime axetil is sufficiently heat stable to allow manufacture by a 

spray drying process resulting in an amorphous product essentially free from 

crystalline materials and particulate contaminants (Crisp et al, 1989). Closed systems 

in which the drying medium is recycled have been found to be safe and economical. 

Prior to spray drying the drug substance is dissolved in a suitable solvent e.g. acetone, 

methanol, tetrahydrofuran, dichloromethane or mixtures thereof. The drying gas may 

be air but since this is undesirable when using flammable solvents inert gases such as 

nitrogen, argon or carbon dioxide are preferred. Under appropriate conditions this 

technique produces a product in the form of hollow spheres with a constant range of 

particle sizes.

2.2 Stearic Acid Coated Cefuroxime Axetil (SACA)

A single batch of SACA was used throughout the study, BN:UOPW 2613, which was 

obtained from Glaxo Operations, Ulverston, Cumbria and was used as received. The 

material is an off-white, free flowing powder and is composed of solid, spherical 

particles with an approximate diameter of 40-60pm, see Plate 2.2. The outer surface, 

although relatively smooth, contains a greater number of imperfections than observed 

for the pure drug substance. As stated in Section 1.2.4, SACA is the intermediate 

product in the manufacture of cefuroxime axetil for oral suspension (CAOS) and is 

produced by means of a spray chilling process. Development studies carried out by the 

Pharmaceutical Development Department, GGR and GlaxoChem, Ulverston between 

the periods of February 1987 - April 1990 resulted in the following manufacturing 

conditions being set in order to achieve acceptable dissolution conditions, for CAOS, 

not less than 60% dissolved after 30 minutes. Melt temperature 67 - 6 8 °C, atomising 

pressure 4.3 - 5.0 bar, residence time 30 - 40 minutes, particle size 38-64 microns and 

a level of minor fatty acids (C12, Ch, C20, and C22) not less than 3%. This latter 

requirement was to ensure that dissolution remained consistently high. On applying
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the above conditions SACA of a consistent particle size was produced, typically in the 

range o f 40-60 |.im (Desai, 1992).

Plate 2.2 Scanning electron micrograph o f stearic acid coated cefuroxime axetil

SACA is composed of 85% stearic acid and 15% cefuroxime axetil. The key factor for 

the maximum drug loading of 15%w/w is the viscosity o f the molten suspension prior 

to spray chilling. Trials have shown that dispersions containing higher levels of drug 

were insufficiently mobile to spray chill successfully (Desai, 1992). Pristerene 9558 

(Unichema, UK) is the particular type of stearic acid used in the manufacture of 

SACA. Table 2.1 shows its composition with respect to its fatty acid content 

(Unichema, 1997).
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Table 2.1 Fatty acid composition o f Pristerene 9558.

Fatty Acid Lauric,
Cl2

Myristic,
Ci4

Palmitic,
Ci6

Stearic,
Ci8

Arachidic,
C20

Behenic,
C22

Min. (%) 0.7 45.0 45.0
Max. (%) 0 .2 1.2 1.0 1.0

2.3 Fatty Acids

Six saturated fatty acids were used in total, namely stearic, palmitic, behenic, 

arachidic, lauric, and myristic. Stearic and palmitic acids were obtained from Glaxo 

Operations, Ulverston, Cumbria. Arachidic acid was obtained from Sigma, UK, while 

behenic acid, lauric acid and myristic acids were donated by Unichema, UK. All acids 

were used as received.

Two grades of stearic acid were used; the first, Prifrac 2980, is a specially pure grade 

(typically 93-94%), and the second, Pristerene 9558, the type used in the manufacture 

of SACA, contains a higher level of minor fatty acids and its composition is presented 

in Table 2.7. In further discussions stearic acid will be referred to as either ‘pure 

grade’ or ‘manufacturing grade’. The other fatty acids were also of high purity, Prifrac 

2960 (palmitic acid 92-94%), Prifrac 2942 (myristic acid 98-100%), Prifrac 2922 

(lauric acid 98-100%), Prifrac 2989 (behenic acid 85-90%) and arachidic acid 

(typically 98%). All acids were obtained in flake form. Table 2.2 contains information 

relating to some general physical properties of the above mentioned fatty acids.



Table 2.2 Physical properties o f saturated fatty acids.

Trivial Name Systematic Name Number of C Atoms Molecular Weight* Melting Point* 
°C

Boiling Point* 
°C (mm Hg)

Soluble
within^

Laurie Dodecanoic 12 200.32 44.0/44.2 121.0(1)
al, eth, ace, 

bz

Myristic Tetradecanoic 14 228.38 53.9/54.4 142.0(1)
al, ace, bz, 

chi

Palmitic Hexadecanoic 16 256.43 62.5/63.1 153.6(1)
al, eth, ace, 

bz, chi

Stearic Octadecanoic 18 284.49 69.6 173.7(1) eth, ace, chi

Arachidic Eicosanoic 20 312.54 75.3/75.4 203-205 (1) eth, bz, chi

Behenic Docosanoic 22 340.60 79.9/80.0 263 (10) -

i
U ,
•to.

’Unichema, 1992.
^CRC Handbook of Chemistry and Physics, 1988-1989.

ace acetone 
al alcohol
bz benzene
chi chloroform 
eth ethanol
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2.4 Buffer Components

Throughout this study an extensive range of buffers were used. All were prepared in 

either 5L or IL quantities using distilled water obtained from a Whatman still 

(Whatman Lab. Sales Ltd., Maidstone, Kent, UK). Table 2.3 lists the materials which 

were used along with their formulas and batch numbers. All components were of a 

general laboratory grade and, with the exception of sodium chloride (acquired from 

Sigma, UK.), all components were obtained from BDH, UK.

Table 2.3 Buffer components used in the preparation o f all dissolution media.

Buffer Component Formula Batch Number
Sodium di-hydrogen orthophosphate di

hydrate
NaH2P0 4 .2H2 0 K22700720 609

di-Sodium hydrogen orthophosphate 12- 
hydrate

Na2HP0 4 .12 H2O K21491474 515 
K23034874 622 
A852278 549

Citric Acid C6H8O7.H2O K21209538 444
Boric Acid H3PO4 K22387125 550

Borax Na2B4O7.10H2O K22075711 529
di-Sodium hydrogen orthophosphate 

anhydrous
Na2HP0 4 K22147430 533

Potassium di-hydrogen orthophosphate KH2PO4 A394224 608 
A894224 608

Sodium Chloride NaCl 50424
Sodium Nitrate NaNOs A354114 410

Initial investigations were carried out using Sorensens modified phosphate buffer pH 

5.9, 7.0 and 8.0, the respective compositions are listed in Table 2.4.

Table 2.4 Sorensens modified phosphate buffer (The Pharmaceutical Codex, 1994).

Buffer Component
pH

5.9 7.0 8.0
g/L

Sodium dihydrogen orthophosphate dihydrate 9.4 4.2 0.5
di-Sodium hydrogen orthophosphate 12-hydrate 2.4 14.3 22.7
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Further investigations were carried out in which the pH of the media was maintained 

at a value of 7.0. The following three buffers were chosen since they could be 

prepared using standard components to give the appropriate pH. Tables 2.5 to 2.7 list 

the buffers used and their respective compositions. In the case of borate buffer the pH 

was adjusted to 7.0 using hydrochloric acid (general laboratory grade, BDH, UK.).

Table 2.5 Citrate-phosphate buffer pH  7.0 (The Pharmaceutical Codex, 1994).

Buffer Component g/L
Citric acid 3.7

di-Sodium hydrogen orthophosphate 12-hydrate 59.0

Table 2.6 Boric acid buffer, pH  7.2  ̂ (The Pharmaceutical Codex, 1994)

Buffer Component g/L
Boric acid 11.66

Borax 1.15
pH adjusted to 7.0 using HCl

Table 2.7 Phosphate buffer mixed, pH  7.0 (The British Pharmacopoeia, 1993).

Buffer Component g/L
di-Sodium hydrogen orthophosphate anhydrous 0.500

Potassium dihydrogen orthophosphate 0.301

The final set of buffers were prepared so that they contained varying levels of sodium, 

a calculation for the preparation of 1 .OM Sorensens pH 7.0 using sodium chloride and 

nitrate is given in Appendix IL Table 2.8 lists the additional amounts of sodium added 

to Sorensens modified phosphate buffer pH 7.0 as sodium chloride or sodium nitrate 

and Table 2.9 lists the amount of sodium, as sodium chloride, added to phosphate 

mixed buffer pH 7.0.
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Table 2.8 Sorensens modified phosphate buffer pH  7.0 containing different levels o f 
sodium due to the addition o f sodium chloride or sodium nitrate.

Buffer Component
Sodium Molarity (M)

0.2 (NaCl) 0.2 (NaNOs) 1.0 (NaCl)
g/L

Sodium Chloride 5.448 - 52.200
Sodium Nitrate - 7.924 -

Sodium dihydrogen orthophosphate 
dihydrate

4.200 4.200 4.200

di-Sodium hydrogen orthophosphate 12- 
hydrate

14.300 14.300 14.300

Table 2.9 Phosphate buffer mixed pH  7.0 containing different levels o f sodium due to
the addition o f sodium chloride.

Buffer Component
Sodium Molarity (M)

0.0100 0.0500 0.1068 0.1500 0.2000 1.0000
g/]

Sodium Chloride 0.1600 2.5100 5.8300 8.3540 11.2760 58.0280
di-Sodium hydrogen 

orthophosphate anhydrous
0.5000 0.5000 0.5000 0.5000 0.5000 0.5000

Potassium dihydrogen 
orthophosphate

0.3010 0.3010 0.3010 0.3010 0.3010 0.3010

When necessary, the pH of the final buffer was adjusted to pH 7.0 by adding small 

amounts of sodium hydroxide or hydrochloric acid (general laboratory grade, BDH, 

UK.).
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3. Dissolution Studies

3.1 Introduction

Dissolution can be defined as the process whereby a solid enters into solution. Early 

theories suggested that the rate of dissolution of a solid substance was determined by 

the rate of diffusion of a very thin layer of saturated solution that forms 

instantaneously around the solid particles. From this the mathematical relationship 

correlating the dissolution rate to the solubility gradient of the solid was developed, 

see Section 3.1.1. This type of test is an important stage in the development and 

control of novel oral dosage forms, however it does suffer from several limitations. It 

can not be used to predict therapeutic efficiency, rather, it is a qualitative tool which 

can provide valuable information regarding the biological availability of the drug as 

well as batch-to-batch consistency. The accuracy and precision of the test is reliant on 

the observance of several parameters and operation controls, however despite these 

limitations it is an extremely valuable tool within the pharmaceutical industry. In vitro 

dissolution testing can never replace in vivo bioavailability studies; however, when 

performed correctly it can afford valuable biopharmaceutical information.

3.1.1 The Theory of Dissolution

The rate at which a substance dissolves in a liquid to form a solution is governed by 

physical parameters such as the surface area of the substance at a given time during 

dissolution, the shape of the substance, the characteristics of the solid/liquid interface 

and the solubility of the substance in the liquid. Therefore, dissolution can be 

considered as a specific type of heterogeneous reaction which results in a mass 

transfer as a net effect between the escape and deposition of solute molecules at a 

solid surface. In the absence of a chemical reaction between solute and solvent the 

dissolution rate of a solid in a liquid can be described by a first order equation known 

as the Noyes-Whitney equation.

—  = kA (Cs - C) Equation 3.1
dt
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Here, dm/dt is the dissolution rate of the drug, A is the surface area of the undissolved 

solid in contact with the solvent, Cs the concentration of solute required to saturate the 

solvent at the experimental temperature, i.e. the solubility in the dissolution medium, 

C the amount dissolved or the concentration of drug in the dissolution medium at time 

t, i.e. Cs - C is the concentration gradient, and k is the intrinsic dissolution rate 

constant or simply the dissolution rate constant and is characteristic for every 

chemical entity. If the agitation intensity of the system containing suspended particles 

increases, the thickness of the boundary layer (h) will progressively decrease, hence k 

is also a function of the test. This constant has the dimensions of length'^time'^ and 

can be written.

D
A:= —  Equation 3.2

where D is the diffusion coefficient of the solute in the dissolution medium, V is the 

volume of the dissolution medium and h is the thickness of the boundary layer. To 

explain the mechanism of dissolution, Nemst, in 1904, proposed the film-model 

theory that dissolution of a solid in a liquid may be thought of in two consecutive 

stages, (1) an interfacial reaction that results in the liberation of solute molecules 6om 

the solid phase, forming a thin stagnant layer or film, h, around the particle and (2) the 

transport of these molecules away firom the interface into the bulk of the liquid phase 

under the influence of diffusion or convection (Proudfoot, 1988) as shown in Figure 

3.1.

► Stagnant film ‘/z’
with concentration = Cg

► Crystal

^  Bulk solution with 
concentration = Ct

Figure 3.1 Diffusion-layer model (film theory).



Chapter 3 ....Dissolution Studies /  60

The overall rate of mass transport that occurs during dissolution will be determined by 

the rate of the slowest stage. If there is no chemical reaction between solute and 

solvent then the slowest stage is the diffusion of dissolved solute across the static 

boundary layer of liquid that exists at the solid-liquid interface.

3.1.1.1 Sink Conditions

If the solute is removed from the dissolution medium by some process at a faster rate 

than it passes into solution then the term (Cs - Ct) in Equation 3.1 may be 

approximated to Cg. Alternatively if the value of Ct is not allowed to exceed 10% of 

the value of Cg, i.e. if the volume of the dissolution medium is very large, the same 

approximation can be made. If either of these situations exist then dissolution is said 

to occur under sink conditions i.e. there is no concentration gradient (Richards, 1988), 

Equation 3.1 can be adapted to.

dm
—  = AACg Equation 3.3

If solute is allowed to accumulate in the dissolution medium to an extent which makes 

the above approximation invalid i.e. C>Cg/10, non-sink conditions are in operation. 

Referring back to Equation 5.7, if C = Cg the dissolution medium will be saturated 

with solute and the overall dissolution rate will be zero.

3.1.1.2 Hixson and Cromwell Cubic Root Law for Dissolution

When using the earlier equations it is necessary to make the assumption that the 

surface area of the solid A remains constant. This can be achieved using a non

disintegrating disk of material but, in general, surface area will change i.e. dissolution 

of a regular solid dosage form where complete disintegration is a priority. This change 

in surface area during dissolution can be explained by employing the Hixon-Cromwell 

treatment, which can be simplified by using the Noyes-Whitney approximation 

(Banakar, 1992). Under sink conditions, such a dissolution process can be defined by.
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dc kA ^
— =—  Cs Equation 3.4

If the dissolving solid substance is assumed to be monodisperse and spherical, then n 

such particles of density p and radius ro initially and r at time t will contribute a 

concentration C given by

C = a(ro  ̂- r )̂ where a =  ^  ^  Equation 3.5

Since Asphere = n.47ir ,̂ then differentiating Equation 3.5 with respect to t, followed by 

equating the results with Equation 3.4, yields

dc k
— =— n.47rrCs Equation 3.6

Considering the fact that the radius of the particle reduces as dissolution proceeds 

Equation 3.6 may be written as

dr kCs
— =----- Equation 3.7
dt p ^

or

ro - r =  X t Equation 3.8

multiplying both sides of the equation by the volume factor for a sphere (n.47ip/3)^^ ,̂ 

the dissolution of monodispersed spherical particles can be expressed in terms of mass 

as

mô ^̂  - = kt Equation 3.9

where mo is the initial mass of spherical particles dissolved at time t=0 and M is the 

total mass of spherical particles undergoing dissolution. This is known as the Hixson 

and Cromwell ‘Cubic Root Law’ for dissolution.
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3.1.2 Factors which Affect the Dissolution Rate

3.1.2.1 Drug Physiochemical Properties and Formulation Processes

The physiochemical properties of the drug, i.e. solubility and particle size, can affect 

dissolution (Ragnarsson et al, 1992; Iranloye and Parrott, 1978; Chattaraj and Das, 

1996). The solubility of the drug is a major factor and its effect can be predicted using 

Equation 3.1. In order to improve the dissolution characteristics of some poorly 

soluble drugs they may be formulated as a more soluble form (Becirevic-Lacan et al, 

1996). The same equation illustrates a direct relationship between surface area and 

dissolution rate as the surface area increases, particle size must decrease thereby 

increasing the overall rate. This theory has been applied to certain drugs of poor 

solubility. Micronization as opposed to milling causes an increase in the surface area 

exposed to the medium resulting in improved dissolution (Levy, 1962). The solid 

phase characteristics of the drug such as amorphicity, crystallinity, state of hydration 

and polymorphic structure also have a significant effect.

The dissolution rate of a pure drug can be greatly altered by incorporation of other 

adjuncts during the formulation process. These include diluents, dyes, binders, 

granulating agents, disintegrants and lubricants (Martinez et al, 1982; Iranloye and 

Parrott, 1978; Murthy and Ghebre-Sellassie, 1993). A study by Levy et al (1963) 

showed that, by increasing the amount of starch contained within salicylic acid tablets 

manufactured by a dry, double-compression process, significant increases in drug 

release was achieved. One theory suggested that the hydrophobic drug crystals 

acquired a surface layer of fine starch which imparted a hydrophilic property to the 

formulation, increasing the effective surface area and hence the dissolution rate. In 

general, wet granulation has been shown to improve dissolution rates of poorly 

soluble drugs by imparting hydrophilic properties to the surface of the granules. 

Magnesium stearate, a hydrophobic lubricant, tends to retard dissolution rate while a 

water-soluble surface-active lubricant, e.g. sodium lauryl sulfate, enhances 

dissolution. It is thought that the hydrophobic lubricants i.e. magnesium stearate, 

stearic acid and talc, decrease the effective drug-solvent interfacial area by changing 

the surface characteristics of the material. This decreases its wettability, prolongs its
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disintegration time and decreases the area of the interface between the active 

ingredient and solvent. The effect of sodium lauryl sulfate was thought to be due in 

part to an increase in the microenviroment pH surrounding the materials, thereby 

increasing wetting causing better solvent penetration by lowering the interfacial 

tension between the solid surface and the solvent. Processing factors such as 

granulation and compression force both contribute to the dissolution rate 

characteristics of the final product.

3.1.2.2. Effect of Test Parameters on Dissolution Rate

The effect of intensity of agitation varies due to the type of agitation used, the degree 

of laminar and turbulent flow in the system, the design of the stirrer and the 

physiochemical properties of the drug. To prevent turbulence and sustain a 

reproducible laminar flow the speed of agitation or the flow rate should be maintained 

at a relatively low level. A relationship between intensity of agitation and dissolution 

rate has been developed (Abdou, 1990),

K = a(N)^ Equation 3.10

where n is the speed of agitation, K the dissolution rate and a and b are constants. If 

dissolution is diffusion controlled then b should be 1 or close to 1 in accordance with 

the Nemst-Brunner film theory, i.e. film thickness is inversely proportional to stirring 

speed. If the process is controlled by an interfacial reaction, the stirring speed will 

exert no influence and b will approach zero. If both processes are involved b will be 

between 0 and 1. Temperature is another factor which must be carefully controlled 

throughout the dissolution process since drug solubility is temperature dependent. Its 

effect on the dissolution medium depends mainly on the temperature/solubility curves 

of the drug and the excipients in the formulation. For a dissolved molecule, the

diffusion coefficient, D, is dependent upon temperature, T, according to the Stokes

equation,

D = kT/(67CT|r) Equation 3.11
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where k is the Boltzman constant and ÔTcrir the Stokes force for a spherical molecule 

(ri is the viscosity and r is the j  radius of the molecule). The dissolution medium itself 

can also have a significant effect on drug release due to variations in pH, ionic 

concentration and composition (Chetty et al, 1994; Soltero et al, 1991; Perez-Marcos 

et al, 1996; Kennedy and Stewart, 1996)

3.1.3 The Theory of Buffers

Buffers are compounds or mixtures of compounds which, by their presence in 

solution, resist changes in pH upon the addition of small quantities of acid or alkali. 

They usually contain a mixture of a weak acid and its salt (its conjugate base). 

Mixtures of weak bases and their salts may be found but suffer firom the disadvantage 

that arises firom the volatility and instability of many of the bases and because of the 

dependence of their pH on pkw which is markedly affected by temperature changes 

(Richards, 1988a). They are widely used in all areas of research in which a particular 

pH must be held constant and solutions are fi*equently used in the development and 

manufacture of pharmaceutical products such as injections and ophthalmic solutions. 

Systems used in these dosage forms should show no toxicity, be compatible with the 

active as well as the other ingredients and also have a high buffer capacity.

3.1.3.1 The Buffer Equation

The pH of a buffer and the change in pH upon the addition of an acid or base may be 

calculated using the buffer equation, also known as the Henderson-Hasselbalch 

equation.

[salt]
pH = pka + log——  Equation 3.12

The action afforded by a buffer system can be explained by considering a simple 

system such as a solution of acetic acid (a weak acid) and sodium acetate in water 

(Martin et al, 1973). When sodium acetate is added to acetic acid, the dissociation 

constant for the weak acid.
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Ka = [Ac']/[HAc] = 1.75 X 10'  ̂ Equation 3.13

is momentarily disturbed since the acetic ion supplied by the complete dissociation of 

the sodium salt increases the [Ac ] term in the numerator. In order to re-establish the 

constant, Ka, the hydrogen ion term in the numerator [HgO ]̂ is immediately reduced 

with a corresponding increase in [HAc]. This results in Ka remaining unchanged and 

the equilibrium is shifted in the direction of the reactants. Consequently the ionisation 

of acetic acid.

HAc + H2O ^  + Ac' Equation 3.14

is repressed upon the addition of the common ion [Ac ] (an example of the common 

ion effect), and remains almost completely in its undissociated form. The pH of the 

final solution can be obtained by rearranging the Equation 3.13,

[HAc]
[H3O+] = Ka —— - Equation 3.15[Ac-\

[HAc] may be considered as representing the total concentration of acid and is written 

[acid] if the acid is weak and undergoes only slight ionisation. In the slightly ionised 

acidic solution, the acetate concentration [Ac ] may be considered to have come 

entirely from the salt, sodium acetate. Since 1 mole of sodium acetate yields 1 mole of 

acetate ions, [Ac-] is equal to the total salt concentration and can be written [salt]. 

Therefore Equation 3.5 can be re-written.

. [acid]
[H3O ] = Ka-—— Equation 3.16[salt]

Expressing this in logarithmic form , with the signs reversed gives,

-log[H3 0 ]̂ = -logKa - log[acid] + log [salt] Equation 3.17
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From this, the Henderson-Hasslebalch equation for a weak acid and its salt is 

obtained. If a small amount of acid or base is added and the concentrations of both the 

acetate ion and acetic acid are sufficiently high there will be no change in the overall

pH. However, if large amounts of acid or base are added changes in the log 7—77-
[acia\

term become appreciable and the pH alters. A more exact treatment of buffers is 

obtained by replacing concentrations with activities in the equilibrium of a weak acid.

Ka = ^(yH3 0 ^CH3 0 ^)(yAc‘CAc')/ (yHAcCHAc) Equation 3.18

The activity of each species is written as the activity coefficient multiplied by the 

molar concentration. The activity of the undissociated acid yHAc is essentially 1, 

therefore it can be dropped. Solving for the hydrogen ion activity and pH defined as

-log aH 3 0 ,̂

. . .  CHAc
6ZH3O =yH3 0  X CH3O = Ka— ------- —  Equation 3.19

yAc -  CAc -

pH = pka + log -—" "  + log yAc" Equation 3.20
\acia\

3.1.3.2 Buffer Capacity

The resistance to change of pH may be discussed in a more quantitative way than 

simply a solution which counteracts the change in pH upon the addition of a strong 

acid, strong base or other agents that tend to alter the hydrogen ion concentration. The 

magnitude of resistance of a buffer to change in pH is referred to as the buffer capacity 

(3 ), which is equal to the amount of strong acid or strong base, expressed as moles of 

H^ or OH", required to change the pH of IL of buffer by 1 pH unit (Martin et al, 

1973). Buffer capacity is affected by the concentration and ratio of the buffer 

components, increasing the concentration of the components increases the buffer
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capacity and (3max occurs when the ratio of weak acid to weak base = 1, under these 

conditions pH = pKa.

3.1.4 Mechanisms of Drug Release from Matrix Devices

As the overall objective of this study is to investigate the mechanism by which 

cefuroxime axetil is released from SACA a mention will be made of the mechanisms 

by which drugs may be released from solid matrices. For the purpose of this 

discussion the term matrix device will be used to describe a delivery system in which 

the drug is uniformly dispersed within a matrix forming material e.g. polymer or wax. 

The release of drug from such systems can be described by several mathematical 

models. In the development of these models several assumptions have been made. 

Since these are not always met in practice, the use of these models are somewhat 

limited, but they are still useful in providing guidance in the mechanisms of drug 

release. An excellent description of models associated with erosion, swelling, and 

diffusion has been given by Sutananta (1993).

3.1.4.1 The Diffusional (Higuchi or ) Models

These m odels were derived to describe drug release from non-erodable, non-swellable 

matrices (Higuchi, 1961,1963). There are several types but only two will be discussed 

here. The first describes drug release from a| homogeneous matrix (no pores) with 

suspended drug. The drug, which is soluble within the matrix, diffuses through the 

matrix into the medium leaving the matrix intact.

Cs
Q t =  [2C sD s(A - -y  )t] Equation 3.21

where Q t is the amount of drug released per unit area (mgcm'^), A is drug loading 

(mgcm'^), Cs is the solubility of the drug within the matrix (mgcm'^), Dg is the 

diffusion coefficient of the drug in the matrix (cm^sec'^) and t is time (sec).
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Second, in the case of diffusion through solvent filled capillaries or pores as opposed 

to the material itself, Equation 3.21 is modified to.

Q t  =  [ C a D a  —  ( 2 A - e C a ) t ]  Equation 3.22
T

where Ca and Da are the solubility and diffusion coefficient, respectively, of a drug in 

the leaching medium, 8 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. Several important assumptions are made in deriving the above two 

equations: 1) a pseudo steady state exists, 2) A »  Cs i.e. excess solute is present, 3) 

perfect sink conditions within the medium are present, 4) the diffusion coefficient 

remains constant. Equations 3.21 and 3.22 were developed for slab geometry, 

solutions for cylindrical and spherical devices are available though they are more 

complicated. However, for up to 50% of solute release, the slab is a good 

approximation for either cylindrical or sphere (Sutananta, 1993). Equations 3.21 and 

3.22 predict the T ^ drug release. They are most commonly used in an empirical form 

{Equation 3.23) and are widely used to model drug release from various systems.

Qt or Mt/Moo = kt ^ Equation 3.23

If Equation 3.23 is applied graphically a straight line with gradient = k is indicative of 

a sole diffusion mechanism.

3.1.4.2 Erodable Matrices

The following model describe the drug release strictly though a surface erosion 

mechanism with no contribution from diffusion,

Mt/Moo = l-[l-(kot/Coa)]” Equation 3.24
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i . 2
where Mt/M» is the fraction of drug released, ko is an erosion constant (m ^*  cm ), Cq 

is drug loading (mg.cm'^), a is the radius of a sphere, cylinder or half thickness of a 

slab when n = 1 for a slab, 2 for a cylinder and 3 for a sphere. This type of model is 

most commonly applied to biodegradable matrixes whereby drug release is a result of 

the dissolution of the polymer in the medium. Ideally, only surface erosion of the 

matrix should occur thereby releasing the drug at a constant rate.

3.1.4.3 Swellable Matrices

With this type of matrix drug release is controlled by one or more of the following 

processes, 1) diffusion of water into the matrix, 2 ) swelling due to the hydration of the 

matrix or relaxation of polymer chains, 3) diffusion of the drug through the swollen 

matrix and existing pores, if any, 4) dissolution or erosion of the matrices. It is not 

possible to use a single mathematical model which incorporates processes 1 to 4. The 

main problem is that as the matrix swells, the diffusion coefficient of the drug in the 

swollen matrix is also increasing, its value depending on its properties and the amount 

of water in the matrix. However, there is a simple expression which can be useful in 

some applications (Sutananta, 1993),

Mt/Mo. = kit + k%t ^ Equation 3.25

where k% and k.2 are constants describing constant rate process and diffusion process, 

respectively. The advantage of this equation is that it separates the effects of two 

simultaneous processes and that ki and k] have meaningful physical interpretation.

3.2 Materials

Single batches of cefuroxime axetil and SACA were used, further information 

regarding these materials can be found in Sections 2.1 and 2.2. The following list of 

dissolution media was used: Sorensens modified phosphate buffer pH 8.0, 7.0 and 5.9, 

citrate-phosphate, borate and phosphate mixed buffers. Sodium chloride and sodium
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nitrate were also used to alter buffer molarity. Information concerning these buffer 

components can be found in Section 2.4.

3.3 Methodology

3.3.1 Preparation of Dissolution Media

Dissolution media were prepared by weighing the individual buffer components into 

plastic weighing boats prior to their transfer into a clean, 5L volumetric flask. A 

quantity of distilled water obtained from a Whatman still (Whatman Lab Sales Ltd., 

Maidstone, Kent, UK) was added to the flask and the contents allowed to mix for 20- 

30 minutes until the solid material had fully dissolved. A further amount of distilled 

water was added in order to produce a final volume of 5L. The pH of the final solution 

was checked using a pH meter, and when necessary adjusted by the addition of small 

quantities of HCl or NaOH. Prior to dissolution the required amount of buffer was 

decanted from a 20L glass storage vessel into a smaller vessel and de-gassed for 20 

minutes using a helium purge. This final stage is important since dissolution may be 

affected by the presence of air bubbles on the product which will effectively decrease 

the available surface area for dissolution (Nicklasson, 1993).

3.3.2 Preparation of Calibration Standards

It is necessary to prepare calibration standards in order to confirm that there is a linear 

relationship between, absorbance and drug concentration over the required range, 

calculate the required amount of material for each run, and determine the wavelength 

of maximum absorbence (Xmax). A set of calibration standards were prepared for each 

media. A preliminary investigation was carried out in order to assess the most 

acceptable and reproducible method of standard preparation.

Method ‘A’ involved adding buffer directly to dry cefuroxime axetil producing a 

solution of the drug. Approximately 150mg of drug was accurately weighed out into a 

tarred plastic weighing boat then transferred into a clean, dry IL volumetric flask.
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Approximately 500ml of buffer was added to the flask which was then inverted 

several times before being placed into an ultrasonic bath for 5-10 minutes. If on visual 

inspection drug particles were still visible within the solution, the latter process was 

repeated prior to the solution being made up to volume. Once a suitable solution of the 

drug had been obtained 1ml aliquots of the stock solution were transferred into 

separate 25, 50 and 100ml volumetric flasks and made up to volume with buffer to 

produce drug concentrations of 6x1 O '*, 3x1 O''* and 1.5xlO '*%w/v respectively. A 1ml 

aliquot of the 6 xlO '*%w/v solution was transferred into a 10ml volumetric flask to 

produce a final concentration of 6 x l0 '^%w/v.

After preparing the calibration standards by the above method it was noted that at 

times extensive sonification was required to ensure the production of a homogeneous 

solution of the drug. Since it was not possible to standardise these sonification times 

an alternative method of preparation was investigated. Method ‘B’ involved the initial 

step of dissolving the weighed drug substance in 2 0 ml of methanol prior to adding the 

buffer. In this instance the drug dissolved immediately and, on the addition of buffer, 

only 1-2  minutes of sonification was required to ensure adequate mixing of the two 

solutions. Having selected an appropriate method it was necessary to make a small 

change to the way in which the stock solution was prepared and diluted. Due to the 

operating absorbance of the dissolution programme ranging between 0  and 1, 

standards which gave equivalent values were required in order to confirm linearity 

between concentration and absorbance over this range. Approximately 150mg of 

cefuroxime axetil was accurately weighed out and transferred into a 500ml volumetric 

flask as opposed to a IL flask. 1ml aliquots of the stock solution were transferred into 

separate 100, 50, 25 and 10ml volumetric flasks to produce drug concentrations of 

3x10 '*, 6x10 '*, 1.2xl0'^and 3xlO'^%w/v respectively. The fifth and final dilution was 

made by transferring 2ml of stock solution into a 25ml flask producing a drug 

concentration of 2.4x10'^%w/v.

3.3.3 Construction of Beer Lambert Plots

Beer-Lambert plots were constructed for each individual buffer in order to ascertain
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the relationship between absorbance and drug concentration. Measurements were 

made using a Perkin-Elmer 554 UV-VIS Spectrophotometer (Beaconsfield, UK). In 

order to measure levels due to each concentration it was first necessary to determine 

the wavelength of maximum absorbance, Xmax-

An initial scan was performed from 900 to lOOnm with both spectrophotometer cells 

containing buffer in order to check whether or not the buffer itself showed any 

absorbence over the selected wavelengths. A second scan was then performed in 

which the front cell contained one of the calibration standards. In all cases this scan 

produced a single peak around 281nm. The apex of this peak was defined by manually 

entering wavelengths and recording the corresponding values. The wavelength of 

maximum absorbance was entered into the spectrophotometer and the machine re

zeroed with both cells containing buffer. Values were then measured for each of the 

calibration standards. Cells were rinsed out with buffer between each measurement 

and the outside wiped with a tissue to remove any excess liquid.

3.3.4 Dissolution Method

Dissolution studies were performed using a six station PHARMA TEST Type PTWS 

dissolution bath (Pharma Test Apparatebau GmbH, Hainbury, Germany) connected to 

a Philips PU 8620 UV/VIS/NIR spectrophotometer (Pye Unicam Ltd., Cambridge, 

UK). The complete dissolution process was automated using a Philips PU 8620 Tablet 

Dissolution Monitoring System (Pye Unicam, Ltd., Cambridge, UK) connected to a 

PC. Each of the six dissolution vessels contained 900ml of degassed dissolution 

medium maintained at 37±0.5°C, and a paddle rotation speed of lOOrpm was used 

throughout the studies.

Prior to the start of each dissolution run the relevant parameters with respect to the 

buffer under investigation were entered into the dissolution program. The three 

fundamental values were, the wavelength of maximum jabsorbance, the weight of 

active ingredient, i.e. drug substance in each vessel, and the concentration of drug 

(mg/L) which would give a value of one. As discussed in the previous section, 

individual calibration curves were constructed for each buffer and it is from these that
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the above values were calculated. From each individual plot the concentration of drug 

(mg/L) which produced an absorbance of one was determined. This value was then 

used to calculate the amount of cefuroxime axetil, and in turn SACA which needed to 

be added to each individual dissolution vessel. An example using Sorensens pH 7.0 is 

given in Appendix III. Individual dissolution media had a small influence on the 

weight of material calculated for use in each run, for SACA the mean was 

I49.93±3.86mg and for cefuroxime axetil22.38±0.56mg. Finally, the times at which the 

drug content was to be analysed were entered along with a sample delay time of 10 

seconds which allowed for the sequential transfer of material into each individual 

dissolution vessel at the start of the run.

The Phillips spectrophotometer contained a total of eight flow through cells. Cells one 

to six were connected to their respective dissolution vessel, cell seven was isolated 

containing only buffer and cell eight was not active. Once the instrument was 

manually zeroed using cell seven it became fully automated and began to measure 

zero absorbance values for each dissolution vessel. Once completed the program 

requested the transfer of material and the dissolution run proceeded.

Due to the hydrophobic nature of the stearic acid initial problems were encountered 

due to inadequate wetting of the material. In order to minimise this it was necessary to 

wet the material before its transference into the dissolution vessel. This was achieved 

by initially weighing the material into a clean, glass sample jar then adding 10ml of 

pre-warmed buffer from the respective dissolution vessel. The jar was when shaken 

vigorously to ensure adequate wetting of the material and its contents immediately 

tipped back into the vessel. A previously withdrawn second 10ml aliquot of buffer 

was then used to rinse the jar, all washings were transferred into the vessel. Data 

analysis was carried out by the system.
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3.4 Results and Discussion

3.4.1 Selection of Preparation Method for Calibration Standards

Initial investigations were concerned with determining the best method by which to 

prepare the calibration standards. In method ‘A’ the drug was dissolved directly into 

the liquid media, while in method ‘B’ the drug was dissolved in a small amount of 

methanol prior to the addition of buffer. Each calibration standard was prepared in 

triplicate. The two calibration graphs are shown in Figure 3.2. In both cases the data 

points show an acceptable fit to a linear trend, the correlation coefficient (r )̂ was 

0.993 for method ‘A’ and 0.998 for method ‘B’. The error bars representing the 

coefficient of variation for the individual concentrations are small, indicating that the 

method of preparation was consistent in all cases. Another factor common to both sets 

of results is the discrepancy involving the lowest concentration standard. In both cases 

this shows the poorest fit to the linear trend. This is most probably due to a slight 

excess of material being pipetted into the volumetric flask. This slight excess will be 

more noticeable when made up into a smaller volume, but as can be seen from the 

error bars this inaccuracy was consistent for all samples. The closeness of the two 

lines on Figure 3.2 is a good indication that the two methods are not significantly 

different. This is further enhanced by calculating the Pearson product moment 

correlation coefficient, r, for each set of values. This is a dimensional index which 

ranges from -1.0 to 1.0 inclusive and reflects the extent of a linear relationship 

between two data sets. These values were calculated using a computer package (Excel 

version 7.0) and found to be 0.996 for method ‘A’, and 0.999 for method ‘B’. The 

similarity of these two values again indicate that the two methods are not significantly 

different. However, differences were observed between the two methods during their 

preparation stage. When cefuroxime axetil was dissolved directly into the aqueous 

solution the drug tended to clump together and float on top of the liquid. Solubisation 

was eventually achieved after inverting the volumetric flask several times and in 

addition to extensive sonification. With method B the drug immediately dissolved into 

the methanol resulting in a milky white suspension which reverted back to its initial 

colourless state on the addition of buffer. Only a short period of sonification was 

required to achieve a thorough mix of the two solutions. Though the two methods
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were shown to produce calibration curves which were not significantly different, as a 

result o f the visual observations the decision was made to include methanol as the 

initial step in the preparation o f all standards.

0.25 T

y = 370.344X + 0.009 
r2 = 0.993

0.20  - -

•  Method A 
A Method B

y = 367.92 Ix +0.003 
r2 = 0.9980.15 --

UV

0.10  - -

0.05 --

0.00
0.0000 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006

Drug concentration % w/v

Figure 3.2 Comparison o f calibration methods A and B fo r  cefuroxime axetil in
Sorensens pH  7.0.
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3.4.2 Dissolution of SACA and Cefuroxime Axetil in Sorensens
Modified Phosphate Buffer pH 7.0 and Distilled W ater

The first part of this study investigated the dissolution profiles of SACA and 

cefuroxime axetil in Sorensens modified phosphate buffer pH 7.0. This buffer was 

used by Glaxo Wellcome to set acceptable levels of drug release from these systems; 

for SACA the limit is not less than 60% dissolved in 30 minutes (Glaxo Internal 

Report, 1992). By using the same medium in this part of the study it enabled a 

standard dissolution profile for SACA to be obtained. For all media included within 

this study the GlaxoWellcome limit was applied in order to indicate acceptable or 

unacceptable drug release. Figure 3.3 shows the dissolution profile for SACA and 

cefuroxime axetil in Sorensens pH 7.0. The percentage drug release for SACA at 30 

minutes was found to be 71%. This was similar to values obtained by Glaxo 

indicating that the two methods were comparable. After 4 hours 90% of the drug had 

been released and runs were not continued after this point due to the absence of any 

further change. It is interesting to note that 100% release was not obtained. This may 

be accounted for by firstly considering the hydrophobic nature of the material. Some 

wetting problems were encountered which resulted in a small amount of material 

adhering to the paddle shaft and sides of the dissolution vessel, thereby making it 

unavailable for dissolution. Secondly it is possible that some of the drug was trapped 

within the stearic acid and therefore unable to be released.

A very different profile is observed for the dissolution of cefuroxime axetil. A 

percentage drug release in excess of 90% is reached within the first few minutes and is 

maintained until the end of the run. Again it was not thought necessary to extend the 

length of the run past 1 hour since no further changes were observed. Once again 

100% release was not obtained. In this instance the drug was free from the confines of 

stearic acid, therefore the discrepancy must be due to the aforementioned wetting 

problems.
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Figure 3.3 Dissolution profiles fo r  SACA and cefuroxime axetil in Sorensens pH  7.0
and distilled water.
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Having established standard dissolution profiles for SACA and cefuroxime axetil in 

Sorensens buffer their release profiles were observed in distilled water, a medium 

commonly used for dissolution studies. The release profiles are also shown on Figure 

3.3. In this instance a very different pattern of release is observed for SACA. The 

release rate is much more gradual with only 32% being attained after 4 hours, this 

being approximately one third of that obtained using Sorensens. The dissolution 

profile of cefuroxime axetil is not dissimilar to that obtained using Sorensens in that 

high levels are rapidly reached and maintained until the end of the run. Percentage 

drug release during the early stage is slightly lower but this may be explained by the 

visual observation of cefuroxime axetil having a slightly poorer affinity for water as 

opposed to the buffer. With respect to the drug, the dissolution media does not have 

any great effect upon its release profile. However, in the case of SACA, changing the 

media from Sorensens to water has a profound effect on the level of drug released. 

This therefore raises the question as to why the buffer should have such an enhancing 

effect with respect to drug release.

Some of the mechanisms by which a drug can be released from a matrix have been 

described in Section 3.1.4. Although they are most commonly used to describe drug 

release from polymeric systems, an attempt was made to fit them to the above data. 

No correlation could be obtained using the models for swelling or erosion, however 

evidence was found which indicated the presence of a diffusion mechanism. As this is 

the most simplistic model it was applied to the |majority of data generated within this part 

of the study. The models for drug release in distilled water and Sorensens pH 7.0 are 

shown in Figure 3.4. Looking first at the plot for distilled water the majority of data 

points fit a straight line, indicating that diffusion is occurring. Looking next at the plot 

for Sorensens, the data points do not fit the straight line indicating that the drug is not 

released by a straight forward diffusion mechanism.

From the above results an initial hypothesis can be developed with respect to the 

mechanism whereby cefuroxime axetil is released from SACA. In a medium devoid of 

other species i.e. distilled water, the release of drug appears to be by a diffusion 

mechanism. However, a second mechanism would also appear to be present, since
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release into Sorensens buffer does not fit the diffusion model and a much higher 

percentage drug release is obtained.

3.4.3 Investigations into Buffer pH

In order to expand upon the earlier results the effect of altering buffer pH with respect 

to drug release was examined. Two further pHs of Sorensens were used, so although 

the levels of individual components within the media differed, the actual salts used in 

their preparation remained the same. The dissolution profiles for SACA in Sorensens 

pH 5.9 and 8.0 are compared to pH 7.0 in Figure 3.5, the percentage drug release at 

individual time points is presented in Table 3.1 (values show mean and coefficient of 

variation).

Table 3.1 Percentage drug release from SACA in Sorensens buffer.

Time (min) Percentage drug release (%)
pH 5.9 pH 7.0 pH 8.0

30 15.74+0.31 70.94+2.14 79.19+2.19
60 23.15+1.79 77.91+2.10 77.81+1.26
120 32.61+0.44 84.28+1.46 75.54+0.61
180 29.61+0.55 89.61+1.66 78.61+1.75
240 32.70+0.65 90.09+1.33 76.49+1.80

Figure 3.5 clearly shows that the pH of the media has a significant effect upon the 

release characteristics of SACA. The greatest difference is observed using the acidic 

pH. The initial burst of drug release within the first few minutes is absent, and instead 

a more gradual profile is observed which cumulates in 33% of the drug being released 

after 4 hours. The pattern of drug release into the alkali medium is similar to that 

which occurred with the neutral pH, i.e. rapid levels are attained within the first few 

minutes and the percentage release is high. There are however some minor 

differences. The initial rate of release was quicker within the alkali medium which 

resulted in a higher level of drug release at 30 minutes, however after this point the 

total amount of drug did not continue to increase.
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Dissolution using the drug alone was again carried out to ascertain its release profile, 

refer to Table 3.2. As before rapid release occurred within the first few minutes for all 

media and high levels of drug were maintained throughout the further part of the run.

Table 3.2 Percentage drug levels o f cefuroxime axetil in Sorensens buffer.

Time (min) Percentage drug levels (%)
pH 5.9 pH 7.0 pH 8.0

10 82.83±2.01 91.3712.06 84.1015.79
20 85.81+1.62 93.7511.81 85.7115.49
30 87.5811.61 93.0511.88 84.8515.93
40 88.9411.60 94.0211.97 84.5016.16
50 89.3211.17 94.0011.70 83.3015.99
60 90.5011.81 94.0011.70 81.2315.18

Having established, using a Higuchi plot, that diffusion is the most probable reason 

for drug release into distilled water the same principal was applied to the two new 

media, see Figure 3.6. The data points of the acidic profile show a reasonable fit to 

the straight line indicating that diffusion may be occurring. Looking next at the alkali 

profile a good fit is not observed which is indicative of the presence of a more 

involved release mechanism.

Apart fi-om providing further evidence for the presence of two mechanisms these 

results have also shown drug release and stability to be pH dependent. Results firom 

the earlier study showing drug release in Sorensens buffer occurring to a much greater 

extent than in distilled water highlighted the requirement of having particular 

components present. In the present study all media were prepared firom the same salts, 

however the drug release was greatly different indicating the importance of a 

particular pH. The initial hypothesis may be developed to include the thought that if 

the presence of particular components are required in order to interact with the stearic 

acid the reaction does not take place at an acidic pH.

3.4.4 Investigations into Buffer Composition

It was shown in Section 3.4.2 that drug release occurred in distilled water but was 

much greater when using Sorensens buffer. This section investigates more fully the
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requirements of particular components for acceptable levels of drug release. In the 

previous section it was established that pH was an important factor, therefore when 

investigating different buffer components the pH of the media was maintained at pH 

7.0. The three buffers chosen were citrate-phosphate, borate and phosphate mixed. 

The main reasons for their selection were ease of preparation, use of standard salts and 

final pH of 7.0.

The dissolution profiles for SACA within the three media and in Sorensens pH 7.0 are 

shown in Figure 3.7, percentage drug release is listed in Table 3.3. Of the four media 

Sorensens is the sole one in which greater than 60% release is attained within the first 

30 minutes. Borate and citrate buffers only reached this level approaching the 2 hour 

time point, while phosphate mixed had not achieved this after four hours. Considering 

borate and citrate buffers, although their dissolution profiles are similar in shape, the 

most rapid initial drug release is in the former (citrate 40%, borate 29% at 30 

minutes), but at the end of the run the level of drug release is higher within the latter 

(borate 67%, citrate 62% after 4 hours). The lowest rate and level of drug release 

occurs within the phosphate mixed buffer. Only 18% release is achieved after 30 

minutes, increasing to 48% after four hours. These findings indicate that the 

composition of the buffers is an important contributing factor to drug release.

Table 3.3 Percentage drug release from SACA in four dissolution media all ofpH  7.0.

Time (min) Percentage drug release (%)
Citrate-

phosphate
Borate Phosphate

mixed
Sorensens 

pH 7.0
30 40.19+1.16 29.33+1.03 17.95+0.23 70.9412.14
60 50.16±1.35 44.01+1.72 29.56±0.26 77.9112.10
120 56.77+1.30 58.82±1.70 41.3810.10 84.2811.46
180 60.03+1.00 65.68+1.97 44.8610.31 89.6111.66
240 62.35±1.01 66.85+2.19 47.8510.36 90.0911.33
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Table 3.4 Percentage drug levels o f cefuroxime axetil in four dissolution media all o f
pH 7.0

Time (min)
Percentage drug levels (%)

Citrate-
phosphate

Borate Phosphate
mixed

Sorensens pH 
7.0

10 82.04±4.01 88.07+3.49 83.51+3.86 91.3712.06
20 82.38±4.32 89.36+3.45 83.01±2.49 93.7511.81
30 82.22±3.07 90.68+3.47 82.78+2.71 93.0511.88
40 81.92+4.71 90.65+3.51 83.1211.25 93.5511.42
50 80.59±4.72 91.82±3.60 83.1711.69 94.0211.97
60 79.71±4.20 91.72±3.21 84.4312.85 94.0011.70

As before the profiles of drug alone were also investigated, these results are presented 

in Table 3.4. High levels of drug are obtained within all media and are maintained 

until the end of the run. Plotting percentage drug release against , see Figure 3.8, 

in this instance, with the possible exception of phosphate mixed buffer, indicated that 

due to the poor fit of the data a clear diffusion mechanism was not present for the 

majority of the media. Again the type of media used does not have the same effect 

upon the drug as it does on SACA. Although the pH was maintained at a constant 

value the observed levels of drug release from SACA were very different. As was first 

seen in Section 3.4.2 this work strengthens the fact that along with pH the composition 

of the media is of great importance in achieving acceptable levels of drug release.

Table 3.5 lists the amounts of individual ions present within each of the buffers. With 

the exception of the H^ ion, Na^ is common to all media. It is interesting to note that 

the citrate-phosphate buffer contains the same ions as Sorensens. The phosphate ion is 

present in roughly the same quantities while there is a much higher level of sodium 

within the citrate buffer. However, referring back to Table 3.3 this increased level of 

sodium does not result in a higher level of drug release. If an interaction is indeed 

occurring between the stearic acid and buffer components it is most likely to involve 

the sodium ion, therefore the final part of this study will investigate the effect on drug 

release due to changing this particular ion.
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Table 3.5 Individual buffer ions expressed as molar values.

Buffer Molarity of components
Na+ H^ P04"’ B407 '̂ B0 4 '̂

Smpb pH 8.0 0.1300 0.0698 0.0666
Smpb pH 7.0 0.1068 0.0938 0.0668
Smpb pH 5.9 0.0737 0.1272 0.0670

Citrate-phosphate 0.3295 0.3055 0.1647
Borate 0.0060 0.5657 0.0030 0.1886

Phosphate mixed 0.0070 0.0020 0.0080 0.0060

3.4.5 Investigations into Buffer Molarity

Following on from the previous studies which investigated the effect on drug release 

of changing the buffer salts, this set of experiments looked more closely at altering 

the sodium content of the media. In the first instance sodium chloride was added to 

Sorensens pH 7.0 to increase the sodium content to 0.2M and l.OM, any pH 

adjustments were made by adding small amounts of NaCl or HCl. A run was also 

carried out with the extra sodium being added in the form of sodium nitrate in order to 

show that contribution from the anion was negligible. The plots are shown in Figure 

3.9, and the percentage drug release obtained form SACA in each of these media are 

listed in Table 3.6.

Table 3.6 Percentage drug release from SACA in Sorensens pH  7.0 composed o f

Time
(min)

Percentage drug release (%)
0.1068M 0.2M(NaCl) 0.2M(NaNO3) l.OM

30 70.94±2.14 47.63+1.43 46.0210.54 16.3010.25
60 77.91±2.10 58.68+1.25 62.4311.34 20.6310.45
120 84.28±1.46 65.33±0.84 64.7610.56 25.6210.34
180 89.61±1.66 69.6310.78 68.7011.18 27.7410.89
240 90.09+1.33 71.0310.87 69.9510.86 30.3510.38
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Figure 3.9 Dissolution profiles of SACA undergoing dissolution in Sorensens buffer,
(Na = 0.1068M, 0.2M, and l.OM).
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Figure 3.10 Higuchi plot for percentage drug release from SACA in Sorensens buffer
(Na' =  0.1068M, 0.2Mand l.OM).
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Table 3.7 Percentage drug levels o f cefuroxime axetil in Sorensens pH  7.0 composed

Time
(min)

Percentage drug levels (%)
0.1068M 0.2M (NaCl) 0.2M (NaN03) l.OM

10 91.37+2.06 81.04+2.38 80.32+3.10 77.17+5.46
20 93.75+1.81 82.93+3.31 81.02+1.59 81.87+5.15
30 93.05+1.88 82.71+3.67 81.59+2.41 82.27+4.94
40 93.55+1.42 83.68+4.64 82.32+1.25 82.56+4.57
50 94.02+1.97 84.47+3.16 82.95+1.58 83.59+4.24
60 94.00+1.70 84.87+4.38 83.29+3.19 82.96+4.40

Looking at Table 3.6, altering the sodium content using NaCl or NaNOg does not 

affect the overall level of drug release, therefore NaCl was used in further studies. In 

all cases drug release is seen to increase over the four hour period, however increasing 

the sodium molarity of the buffer decreases the overall level of drug release. 

Percentage drug release at 30 minutes is 71% for 0.1068M, 48% for 0.2M (NaCl) and 

16% for l.OM. Table 3.7 includes data relating to the release pattern of cefuroxime 

axetil within the four media. Again high levels are attained rapidly regardless of the 

sodium level of the media. Higuchi plots were again constructed. Figure 3.10. Of the 

three media only the l.OM medium showed a good fit to the model, indicating the 

presence of a diffusion mechanism.

In the second part of this study a further set of buffers were prepared. The starting 

media was phosphate mixed buffer; this was chosen as it contained the lowest amount 

of sodium (0.007M) and produced a very low release profile, see Figure 3.7. This low 

sodium content enabled a wider range of sodium molarities to be investigated. Table 

3.8 presents data fi’om each of the time points for SACA. It can be seen that 

increasing the sodium level fi*om 0.007M to 0.05M increases the amount of drug 

released at 30 minutes by approximately four fold, this difference decreases as the 

dissolution run progresses.
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Table 3.8 Percentage drug release from SACA in phosphate mixed buffer 
(Na = 0.007M, O.OIM, 0.05M, 0.I068M, 0.I5M, 0.2Mandl.OA^.

Time
(min)

Percentage drug release
0.007 0.01 0.05 0.1068 0.15 0.2 1.0

30 17.95
±0.23

37.31
±1.33

67.19
±3.47

40.92
±1.21

35.49
±1.68

30.43
±2.14

10.95
±0.27

60 29.56
±0.26

48.89
±1.93

78.53
±2.54

55.30
±1.31

50.56
±1.87

40.81
±2.29

17.99
±0.75

120 41.38
±0.1

66.19
±1.93

92.27
±3.40

65.55
±1.09

64.01
±1.93

51.33
±1.57

25.88
±0.49

180 44.86
±0.31

71.46
±1.77

89.78
±2.37

70.25
±1.04

73.08
±1.92

56.11
±1.32

27.14
±6.44

240 47.85
±0.36

75.34
±1.80

89.67
±1.43

74.78
±1.02

80.13
±1.63

64.84
±5.18

34.19
±7.66

However, increasing molarity above 0.05M causes a decrease in the amount of drug 

released. The lowest levels of drug release are attained using the highest molarity 

buffer. Table 3.9 contains data for the levels of cefuroxime axetil attained in each 

media. The similar profile of high initial drug levels which are maintained until the 

end of the run are again observed within all media.

Table 3.9 Percentage drug levels o f cefuroxime axetil in phosphate mixed 
buffer (Na" = 0.007M, O.OIM, 0.05M, 0.1068M, 0.15M, 0.2Mand l.OM).

Time
(min)

Percentage drug release
0.007 0.01 0.05 0.1068 0.15 0.2 1.0

10 83.51
±3.83

89.77
±2.38

82.14
±1.23

82.02
±0.90

82.45
±1.68

84.96
±1.18

78.00
±3.08

20 83.01
±2.49

89.10
±2.18

87.60
±1.93

84.12
±0.74

87.68
±1.28

86.43
±0.89

83.89
±2.06

30 82.78
±2.71

89.18
±1.35

85.98
±1.19

83.72
±0.74

90.22
±1.81

86.05
±0.88

83.46
±1.77

40 83.12
±1.25

89.75
±1.80

85.68
±1.17

85.48
±0.61

89.38
±1.20

84.52
±1.10

85.23
±1.65

50 83.17
±1.69

89.15
±2.06

87.18
±1.45

85.45
±0.99

86.58
±1.84

84.97
±0.80

84.72
±2.25

60 84.43
±2.84

89.28
±1.67

88.11
±1.44

83.09
±1.39

86.14
±1.20

86.36
±0.97

82.78
±2.08

This study clearly indicates that sodium is a controlling factor in the release of 

cefuroxime axetil from SACA. Increasing the amount of sodium will, up to a point.
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augment the amount of drug released, however any further increase after 0.05M has a 

retarding effect. Referring back to the initial hypothesis of two mechanisms being 

present, it may be that sodium is interacting with the stearic acid to increase the 

underlying level of drug release However, above a particular concentration, the 

sodium ion in some way interferes with the diffusion mechanism, thereby retarding 

drug release.

3.5 Conclusions

The above set of experiments have provided important information with regards to the 

factors which influence the release of cefuroxime axetil from SACA. Firstly, the pH 

of the dissolution media was found to have a profound effect on the levels of drug 

release attained. An acidic medium produced a significantly lower level than alkali or 

neutral media. Altering the salts used in the preparation of buffers also retarded drug 

release even though the pH was maintained at 7.0. Sorensens pH 7.0, 8.0 and 

phosphate mixed 0.05M were the only three buffers to achieve greater than 60% 

release within 30 minutes of dissolution. For the complete range of media 

investigated, dissolution using the drug alone resulted in very high levels being 

attained almost immediately. The fact that dissolution of SACA within the same 

media produced much lower levels of drug release suggested that the presence of 

stearic acid was the rate limiting step.

Drug release from SACA occurred, all be it at a low level, in distilled water. Plots of 

percentage release against t'"̂  indicated that a diffusion mechanism was involved, a 

similar profile was observed for Sorensens pH 5.9. With the possible exceptions of 

phosphate mixed buffer 0.007M and l.OM, diffusion did not appear to be a clear 

mechanism within the other media. The increased drug release from such media 

suggested that a secondary mechanism may be present. Since drug levels could be 

altered by changing the salts used in the preparation of the media it was possible that 

individual buffer components were reacting with SACA. This interaction may change 

the properties of the material in such a way as to increase drug release.
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On closer inspection of the individual ions present within the buffers, sodium was 

found to be common to all. To investigate the sodium effects further buffers were 

prepared with increasing concentrations. Using phosphate mixed buffer drug release 

was increased up to 0.05M but then decreased at higher molarities. This suggested that 

sodium may be partially responsible for increasing levels of drug release, possibly due 

to some form of interaction with stearic acid, but it is limited to a particular level. As 

mentioned earlier, drug release into distilled water, a medium containing no interacting 

ions, provides further evidence of a diffusion mechanism.

These results have enabled an initial hypothesis to be made which describes the 

involvement of two mechanisms in the release of cefuroxime axetil from SACA. The 

first is an underlying diffusion mechanism which occurs in all cases. The second is 

some form of interaction between stearic acid and certain buffer components, possibly 

sodium, which augments the level of drug release to above that achieved solely by 

diffusion.
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4. Scanning Electron Microscopy (SEM)

Information gained from the dissolution studies has allowed an initial hypothesis to be 

formed which describes the release of cefuroxime axetil form SACA by two 

mechanisms. The first is thought to be by basic diffusion, while the second is believed 

to be related to the presence of particular buffer components. The pH of the media 

was also found to have a profound effect on drug release. Scanning electron 

microscopy was carried out in order to try and visualise the spheres during the actual 

dissolution process.

4.1 Introduction

Scanning electron microscopy (SEM) provides a unique view of the surface of 

materials and is utilised in many diverse fields such as medical science and biology, 

materials development, metallic materials, ceramics and semi-conductors. Light 

microscopy can be used to visualise the outlines of objects as well as large surface 

structures but is limited by a resolution of about 0.2pm (Bell and Revel, 1980). The 

use of transmission electron microscopy permits smaller structures to be resolved 

along with many fine details, but it has limitations in the fact that only very small 

portions of the object can be examined at one time. SEM bridges the information gap 

between these two techniques by enabling large areas of materials to be visualised at 

sufficiently high resolution to observe fine surface detail. Also the greater depth of 

field with SEM gives an impression of three-dimensionality which can be enhanced 

by viewing specimen in a tilted position. Since SEM overlaps both the magnification 

and resolution ranges of light and transmission electron microscopes it is relatively 

easy to correlate observations made by the three techniques.

4.1.1 The use of Electrons for Microscopy

A microscope is an instrument designed to allow objects to be seen which are too 

small to be observed by the naked eye. Particles having a diameter greater than a few 

tenths of a micrometer can be easily viewed using a light microscope, however for
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Lens

Figure 4.1 Lens aperture defining the Airy disk. The semi-angle a  o f the lens 
subtended from the object point O defines the image disc diameter at I  (Agar, 1974).

smaller objects, this technique can not be used since the wavelength of visible light is 

larger than the object to be examined (Agar, 1974). When light rays emanating from a 

point pass through a lens of semi-angular aperture a  {Figure 4.1) they form an image 

which is no longer a point, but more like a small disk known as an Airy disk, which 

consists of a single central spot of high intensity surrounded by alternate dark and 

light rings radiating outwards. The intensity distribution across such a disk is shown in 

Figure 4.2. The distance between the two minima on either side of the main intensity 

peak is given by,

D = 1.22% / Msina Equation 4.1

where X is the wavelength of light and n the refractive index of the material in which 

the object lies. The resolving power of the microscope is usually defined as the 

distance between two object points such that the primary intensity of the maximum of 

the Airy disk derived from one point coincides with the first intensity minimum of the 

of the Airy disk of the adjacent point (Swift, 1970), see Figure 4.3. The separation of 

the two points is then,

d = 0.61 À / «sina Equation 4.2
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Intensity

Distance from lens axis

Figure 4.2 Intensity profile o f the Airy disk at the image point I  (Agar, 1974).

Intensity

Distance from lens axis

Figure 4.3 The definition o f resolution in terms o f the Airy disk separation
(Agar, 1974).
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The semi-angular aperture is the only property of the lens which affects the separation 

distance. In general for light microscopy the numerical aperture (wsina) is at best 1.4, 

using a wavelength of 500nm the resolution limit is calculated to be approximately 

200nm. The discovery by De Droglie in 1924 of the dual particle and wave nature of 

electrons removed the wavelength limitations to resolving power which had been 

imposed with the optical microscope. He showed that an accelerating electron beam 

had an effective wavelength, X, given by the equation,

X = 0.1 X V(150/V) Equation 4.3

where V is the accelerating voltage. Using a value of 60,000 for V the calculated X 

value is O.OOSnm, a wavelength which is shorter by a factor of 10̂  than visible light, 

hence the resolving limit is calculated to be 200pm (Agar, 1974).

4.1.2 Principles of Scanning Microscopy

In scanning microscopy, radiation from a source is focused to form a very fine probe 

which is focused by a lens assembly situated at the plane of the specimen. A magnetic 

deflection device is utilised in order to cause the probe to scan the specimen in a raster 

pattern. The probe is swept in successive horizontal lines, separated by a fixed 

distance which ensures the inclusion of all specimen detail. The individual specimen 

elements are irradiated successively and the corresponding emitted radiation is used to 

build up a picture of the completed object. A variety of signals may be recorded, in the 

case of SEM these include secondary electrons, backscattered electrons, light x-rays 

and auger electrons (Swift, 1970). The most important application of SEM involves 

the way in which secondary electrons emitted during the primary electron probe scan 

of the specimen are used to yield a display image relating to the surface topography of 

the specimen. For each high energy primary electron which strikes and penetrates a 

specimen, many more slow moving (secondary) electrons are released as the primary 

electron collides with numerous atoms along its path. A proportion of the secondary 

electrons diffuse and are released from the surface of the specimen and are detected. 

As each specimen point is irradiated the output signal is obtained which after 

electronic amplification is passed to a suitable recording device (Swift, 1974).
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4.1.3 Types of Electron Scanning Microscopes

The scanning principal is applied in two types of electron microscopes, the scanning 

electron microscope (SEM) and the scanning transmission electron microscope 

(STEM) {Figure 4.4). The main difference between the two is in the positioning of the 

electron collector. In SEM it is placed so that it can collect electrons which have been 

reflected from the opaque surface of the sample. This reflection of electrons from the 

specimen surface obeys the same laws as the reflection of light from an irregular 

surface. The image intensities are related to variations in the surface topography of the 

material. With STEM the detector is placed behind the sample and will then collect 

electrons which have been modified by their passage through the specimen.

G u n  .__
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Scan gg 
coils ■ Pos

Obj
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Gun

Cond

Scan g  
coils ■
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Spec
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Pos

Sig

Figure 4.4 Schematic diagrams o f a SEM and a STEM; Cond, condenser lens; Obj, 
objective lens; Spec, specimen; Gun, electron gun; Coll, electron collector

(Slayer and Slayer, 1992).

The optical diagram of an SEM is shown in Figure 4.4. The electron source may be 

either a conventional tungsten filament or a lanthanum hexaboride tip. The probe is 

focused by a lens which may be described as a condenser. However, because it is the 

action of this lens that determines resolving power, it is often referred to as the 

‘objective’. Radiation reflected from each scanning point is collected by a detector, 

which is coupled with the scanning coils to produce an image on the TV screen. The 

general nature of image formation in the SEM is as follows; a probe is focused a short
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distance above the specimen illuminating both sides of the surface contour. The 

detector which is placed at an angle, collects electrons originating from one side of the 

contour, forming a bright image. The opposite side of the contour appears in shadow, 

because electrons leaving this area fail to reach the detector.

4.1.4 Preparation of Powder Samples for SEM

At times, photographs of samples may show portions which are too bright or too dark 

due to the samples being partially charged. To prevent this it is important to prepare 

surfaces with uniform conductivity. This can be achieved by applying conductive 

paint i.e. carbon, to the specimen portions which are hard to coat. In the case of 

powder samples, if the particles are piled on each other, charge-up easily takes place 

causing them to move during observation. To prevent this, once the adhesive used to 

fix the powder has dried, the piled particles are blown off using a hand blower. When 

a non-conductive specimen is directly illuminated with an electron beam, its electrons 

with a negative charge collect locally (specimen charge-up), thus preventing normal 

emission of secondary electrons. It is therefore usual to coat the surface of an 

unconductive material with a conductive metal prior to observation. One of the 

methods by which this can be achieved is known as sputter coating. It allows easy and 

rapid deposition of a uniform coat of metal to be applied. A noble gas such as argon is 

ionised and the ions allowed to impinge on an electrode made of gold. The dislodged 

material is physically sputtered onto the specimen (Bell and Revel, 1980).

4.1.5 Applications of Scanning Electron Microscopy

The main area of SEM applications has been in the semi-conductor industry, however 

its use in biological applications has increased over the last decade. Its advantage in 

the latter application is that whole cells can be observed as a single image at a much 

higher resolution than with a light microscope. Images of biological objects can be 

visualised and recorded at magnifications ranging from lOOOx (the maximum used in 

light microscopy) up to about 20 GOGx (Slayter and Slayter, 1992).
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4.1.6 Aim of Scanning Electron Microscopy Studies

The aim of the SEM studies was to visually assess the surface morphology of SACA 

during ongoing dissolution in a range of buffers. The media used were the same as for 

the dissolution studies allowing for a correlation to be made between factors affecting 

drug release i.e. buffer pH and composition, and possible changes to the structure of 

the spheres.

4.2 Materials

Single batches of cefuroxime axetil and SACA were used, information regarding these 

materials may be found in Sections 2.1 and 2.2. The following dissolution media were 

used, Sorensens pH 8.0, 7.0 and 5.9, citrate-phosphate, borate and phosphate mixed. 

Sodium chloride was used to alter the molarity of selected buffers. Information 

regarding all buffer components can be found in Section 2.4.

4.3 Methodology

In order to visualise SACA during the dissolution process, a method by which the 

material could be removed from the media at set time intervals and be prepared in 

such a way that SEM could be carried out was required. This was achieved by 

removing some of the dissolution media containing SACA using a syringe, then 

washing the material with water in order to stop any reaction which may be occurring, 

the material was then dried. Details of this process are described in the following 

section.

4.3.1 Isolation, Washing and Drying of SACA

Dissolution media were prepared as described in Section 3.3.1. Approximately 3g of 

SACA were weighed into a sample pot and 10ml of pre-warmed dissolution media



Chapter 4 ....Scanning Electron Microscopy /  98

were added. The pot was shaken, then its contents emptied into a single dissolution 

vessel containing 900ml of the chosen dissolution media. A Ihr dissolution run was 

performed using a Pharma Test PTWS dissolution bath which was held at 37±0.5°C 

and used a paddle speed of lOOrpm.

At ten minute intervals a 10ml aliquot of the dissolution media containing SACA was 

removed using a syringe. The liquid was transferred onto a Whatman filter paper 

placed on top of a bruchner funnel. A continuous vacuum was applied in order to 

remove excess buffer and the material was washed using distilled water. The solid 

material was transferred onto a petri dish, placed into a Heraeus vacuum oven, and 

dried at 31°C under vacuum until constant weight was obtained. Dry SACA which 

had not been in contact with the dissolution media were subjected to the same drying 

conditions in order to provide an initial sample, while material which had been kept at 

room temperature was used as a control.

4.3.2 Examination of SACA by SEM

The dry powder samples were adhered to a SEM stub using carbon impregnated disks. 

The disk was divided into several segments, one per sample, and excess powder was 

removed using a can of compressed air. It was then transferred to a sputter coater and 

coated with gold for two minutes at 20 mAmps. Microscopic examination was carried 

out using a Phillips XL20 SEM (Phillips Electron Optics, Eindhoven, Netherlands). 

The image was transmitted onto a computer monitor where is was analysed, and a 

hard copy was produced using a black and white video print.

4.4 Results and Discussion

4.4.1 SEM of Cefuroxime Axetil and SACA

A scanning electron micrograph of cefuroxime axetil is shown in Plate 4.1. The drug 

substance consists of discreet spherical particles, which are hollow in nature. The
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outer and inner surfaces are smooth and are relatively free of visible imperfections. 

The size of the particles range from 2pm to 30pm. The hollow, spherical nature of the 

drug substance is a result of its processing conditions, see Section 2.1.

Acc.V SpotMagn Det WD
ie.00kV 4.0 386x SE 5.4 CEFUROXIME AXETIL

Plate 4.1 Cefuroxime Axetil, BN: UO PW  2565.

P late 4.2  shows SACA to be spherical in nature with a mean diameter of 40-60pm. 

This particular shape and constant particle size is also a result of processing 

conditions, {Section 2.2). The outer surface o f SACA, though not as smooth as 

cefuroxime axetil, is still relative free o f visible imperfections. P late 4.3 shows a 

single sphere which has been fractured by grmding the material between two glass 

microscope slides. Due to the small diameter o f SACA, splitting a sphere proved 

difficult and earlier attempts using a razor blade were unsuccessful. Grinding the 

material produced a very small amount of good cross-sections, however the single 

sphere in Plate 4.3 is adequate to illustrate the internal structure. A more suitable way 

in which particles of SACA can be halved is by using a freeze-fracture technique. This 

work has been carried out by Glaxo Wellcome and corroborates the information 

provided here. As can be seen from Plate 4.3 SACA is composed of solid spheres. 

Small indentations in which the discrete drug particles were embedded can also be 

obsei"ved.
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Plate 4.2 Stearic ac id  coated  cefuroxime axetil (SACA), BN: U O PW  2613.

Figure 4.3 Single SACA particle  fra c tu red  by grinding the m aterial between two
m icroscope slides.
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4.4.2 SEM of SACA Pre-Treated with Sorensens pH 8.0, 7.0 and 5.9

Plates 4.4 and 4.5 show SACA which was used as a control and an initial sample. The 

former shows material which was maintained in a dry state at room temperature, while 

the latter was subjected to identical drying conditions used for the rest of the material 

examined in the study. On comparing the two plates it can be seen that the drying 

process has no detrimental effect on the structure of SACA. The spheres have 

maintained their spherical shape throughout the process and there appears to be no 

significant change in the appearance of their outer surface. Therefore, any changes 

observed to the surface of SACA after undergoing a period of dissolution can be 

attributed to the actual dissolution process as opposed to the drying process.

Plates 4.6, 4.7, and 4.8 show SACA which had been removed from Sorensens pH 7.0 

after 10, 30 and 60 minutes dissolution. This material had been washed with distilled 

water prior to drying in an attempt to visualise changes solely related to the 

dissolution process. The maximum period of dissolution was chosen to be 60 minutes 

since the greatest changes in drug release were seen to occur within this time, see 

Section 3.4.3. Plate 4.6 shows that after 10 minutes the surface characteristics of the 

particle have only undergone a small amount of change, however this increases as the 

material spends more time in contact with the media, Plate 4.7. Small striations are 

present on the outer surface of the sphere disrupting the smooth nature of the particle, 

these surface changes were augmented after a further 30 minutes of dissolution, Plate 

4.8. Results from the dissolution studies showed that drug release from SACA could 

be altered by changing the buffer components, in particular release was affected by 

altering the sodium levels of the media. The reason for this change to the levels of 

drug release was unclear, however the time dependent surface changes observed in 

this study suggest that buffer ions could be reacting with the stearic acid, altering its 

physical properties leading to an augmented level of drug release.



Chapter 4 ....Scanning Electron Microscopy / 1 0 2

Plate 4.4 Control sam ple (SACA kept a t room  tem perature in the laboratory).

Acc.V Spot Magn Det WD
10.0 kV 4.0 386x SE 7.0

Plate 4.5 Initial sample (SACA subjected to the same drying conditions applied to the
rest of the material used in the study).
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In keeping with the dissolution studies SACA was then examined after undergoing 

partial dissolution within Sorensens pHs 5.9 and 8.0. Since the greatest changes are 

observed after 60 minutes, only results of this time point will be included in this 

discussion. P lates 4.9 and 4 .10  illustrate SACA which had been removed after 60 

minutes of dissolution within Sorensens pHs 8.0 and 5.9 respectively, again samples 

had been washed prior to drying. P late 4.9 clearly shows that surface changes have 

also occurred to SACA after undergoing dissolution in the alkali media, these appear 

to be more pronounced than those occurring within the neutral buffer. The surface of 

the sphere has begun to disintegrate. These changes were also observed to be time 

dependent, becoming more pronounced with increased contact time with the media.

Acc V Spot Magn 
8 0 0 k V 4 0  386x

Del WD I------------------------1 50 pm
SE 14 9 409 7 MICROSPHERES 10 MINS

Plate 4.6 SACA removed after 10 minutes dissolution in Sorensens pH  7.0.
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%

Plate 4 . 7  SAC A rem oved after 30 minutes dissolution in Sorensens p H  7.0.

Plate 4.8 SAC A removed after 60 minutes dissolution in Sorensens pH  7.0.
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Plate 4.9 SAC A rem oved after 60 minutes dissolution in Sorensens p H  8.0.

Plate 4.10 SAGA removed after 60 minutes dissolution in Sorensens pH  5.9.
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It is interesting to note looking at Plate 4.10, that no visible surface changes had 

occurred to SACA which was removed after 60 minutes of dissolution within the 

acidic media. The morphology of the outer surface is still comparable to that of the 

control sample, Plate 4.3. In all three cases the particles have maintained their 

spherical shape. As mentioned earlier in this section, it is possible that the observed 

surface changes may bel related to the second mechanism of drug release involving the 

interaction of particular buffer components with the stearic acid. From the dissolution 

studies percentage drug release at 30 minutes was found to be 79% for Sorensens pH 

8.0, 71% for Sorensens pH 7.0 and 16% for Sorensens pH 5.9. Relating this to the 

current study, changes were not apparent within the acidic media but were observed in 

the alkali and neutral buffers. Of the two media in which surface changes were present 

they were more pronounced within the alkali medium. Therefore, it would appear that 

under certain conditions buffer components are reacting with stearic acid to produce 

surface changes. This is seen to occur in media which produce high levels of drug 

release from SACA, suggesting it to be the second mechanism of drug release.

In the second stage of this investigation the washing step was removed and SACA 

remained suspended in the dissolution media during the drying process. This was 

carried out in order to observe extreme surface changes and to assess whether or not 

the time dependency factor of these modifications was still apparent. Plates 4.11, 4.12 

and 4.13 are of SACA which had been removed after 10, 30 and 60 minutes of 

dissolution in Sorensens pH 7.0 and suspended in the media during the drying process. 

In all three cases the surface changes are much more pronounced than in their washed 

equivalents but time dependency is still apparent. The smooth nature of the sphere has 

already started to disappear after 10 minutes of dissolution {Plate 4.11) and the 

structure of the particle had begun to disintegrate at the 30 minute stage due to the 

stearic acid flaking off in layers from the outside (Plate 4.12). All recognisable shape 

had been lost after 60 minutes (Plate 4.13). The above observations would appear to 

represent an extreme form of the interaction occurring between the stearic acid and 

buffer components.
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P late 4.11 SACA suspended in Sorensens p H  7.0 during the drying p ro cess after being
subjected  to 10 minutes o f  dissolution.

Plate 4.12 SACA suspended in Sorensens pH 7.0 during the drying process after being
subjected to30 minutes of dissolution.
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m .

Plate 4.13 SACA suspended in Sorensens p H  7.0 during the drying pro cess  after being
subjected  to 60 minutes o f  dissolution.

\

Plate 4.14 SACA suspended in Sorensens pH  8.0 during the drying process after being
subjected to 60 minutes o f dissolution.
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Plate 4.15 SACA suspended in Sorensens p H  5.9 during the drying pro cess  after being
su bjected  to 60 minutes o f  dissolution.

P lates 4.14 and 4.15  are of SACA removed after 60 minutes of contact with 

Sorensens pHs 8.0 and 5.9. Observations relating to Plate 4.13, pH 7.0, can equally be 

applied to Plate 4.14, pH 8.0, time dependency was also apparent at this pH. In the 

earlier part of this study the acidic medium was seen to produce negligible surface 

changes to the particles, and is still observed after the material was suspended in the 

buffer during the drying process {P late 4.15). P lates 4.11 to 4.15  show that an 

interaction is occurring between the buffer components and stearic acid causing a 

change to its physical properties; however this process does not occur under acidic 

conditions. Since changes in surface morphology can be related to the levels of drug 

release attained in each media it would appear that this interaction is the second 

mechanism of drug release.

Finally, in order to establish the importance o f the agitation process itself, as opposed 

to the presence of the buffer, SACA was suspended in Sorensens pH 7.0 in a petri dish 

without any agitation and dried, P late 4 .16  illustrates the surface changes which 

occurred.
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Plate 4 .16 SACA (no agitation) suspended in Sorensens p H  7.0 during the drying
process.

Surface changes were still apparent with the absence of a stirring mechanism, 

however they were not as pronounced as had been observed in earlier examples 

{P lates 4.11 to 4.13). This suggests that the dissolution process itself is an important 

factor in assessing the interaction between stearic acid and the dissolution media.

4.4.3 SEM of SACA after part Dissolution in three pH 7.0 Buffers
and Distilled Water

In parallel to the earlier dissolution studies the surface properties of SACA which had 

undergone a period of dissolution in citrate-phosphate, borate and phosphate mixed 

buffers were examined. Changing the composition of buffers while maintaining a 

common pH had been found to alter the level of drug release from within these 

systems. This part of the study was carried out to investigate whether surface changes 

could again be related to the release profiles. Plates 4 .17 to 4.20  illustrate particles 

which had been in contact with the above media for sixty minutes. Only minor 

changes were seen to occur to the surface of the spheres compared to those observed 

using Sorensens pHs 8.0 and 7.0. Citrate-phosphate buffer produced the greatest
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surface change out of the three {P late 4.17). The alterations were again observed as 

small striations upon the surface of the material and were also seen to be time 

dependent. Small surface changes were seen to occur on SACA which had undergone 

dissolution in borate and phosphate mixed buffers, but these were very minor {Plates 

4.18 and 4.19). Time dependency was difficult to assess within these systems since 

the changes were of such small magnitude. P late 4.20  illustrating the effects of 

distilled water is as expected, no surface changes occurred due to the absence of any 

interacting species.

Drug release at 30 minutes was 40% citrate, 29% borate, 18% phosphate and 17% 

water. The citrate-phosphate buffer produced the greatest amount o f surface change 

and gave the highest level of drug release at 30 minutes. However, such clear 

relationships are not so apparent with respect to the other three media. Phosphate 

buffer and distilled water produced the lowest level of drug release at this point, 

negligible surface changes were observed due to the latter and only very minor 

changes were observed due to the former. The main discrepancy appears to be with 

the borate buffer, since it gave intermediate drug release but caused only very minor 

changes in surface morphology.

Plate 4.17 SACA rem oved  after 60 minutes dissolution in 
citrate-phosphate buffer p H  7.0.
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Plate 4.18 SACA rem oved  after 60 minutes dissolution in 
borate buffer p H  7.0.

Plate 4.19 SACA removed after 60 minutes dissolution in
phosphate mixed buffer pH  7.0.
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Plate 4 .20 SACA rem oved after 60 minutes dissolution in d istilled  water.

4.4.4 SEM  of SACA D uring  D issolution in P hosphate  M ixed B uffer
C ontain ing  D ifferen t Levels o f Sodium .

In this final section examination of material was carried out after a period of 

dissolution in phosphate mixed buffer containing different levels o f sodium. Altering 

the sodium level has been seen to change the levels of drug release, therefore this 

section investigates whether or not surface changes are also apparent. P lates 4.21 to 

4.26  shown the surface morphology of SACA after 60 minutes dissolution in each of 

the six media.

With the exception of 0.0 IM and 0.2M {Plates 4.21 and 4.25) surface changes are 

observed on all other spheres. They again appear as small striations upon the surface 

of the stearic acid and would seem to radiate out fi*om a central point. Of the four 

media which produce surface change it is difficult to grade them in order or severity. 

However, with the exception of the 0.2M media, surface change is associated with 

higher sodium molarities. Drug release at 30 minutes for 0.0IM and 0.2M are 37% 

and 30% respectively. For the other four media it is 67% for 0.05M, 41% for
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0.1068M, 35% for 0.15M and 11% for l.OM. Increasing the sodium levels up to 

0.05M increased drug release, but increasing the concentration above this point 

retarded drug release. Changes in surface moiphology on the whole solely appear to 

be associated with increased amounts of sodium. The difficulty in relating surface 

morphology to drug release is likely to be due to the fact that two release mechanisms 

are working simultaneously i.e. diffusion, which may be retarded by increased sodium 

levels and stearic acid interaction, which is augmented in the presence of increased 

sodium.

P late 4.21 SACA rem oved after 60 minutes dissolution in phosphate m ixed buffer p H
7.0 (Na^ = 0.01M).
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Plate 4.22 SACA rem oved after 60 minutes dissolution in phosphate m ixed buffer p H
7.0 = o.oj;.

Plate 4.23 SACA removed after 60 minutes dissolution in phosphate mixed buffer pH
7.0 = 0.706,̂ .
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Plate 4.24 SACA rem oved after 60 minutes dissolution in phosphate m ixed buffer p H
7.0

Plate 4.25 SACA removed after 60 minutes dissolution in phosphate mixed buffer pH
7.0 (TVa"" = 0.2M).
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P late 4 .26 SACA rem oved after 60 minutes dissolution in phosphate m ixed buffer p H
= AO#.

4.5 Conclusions

The dissolution studies have shown both the pH and the composition of the media to 

have a marked affect upon the level of drug release obtained from SACA. A 

hypothesis has been formed which describes two separate mechanisms. The first is 

diffusion which occurs in all media, the second involves a possible interaction 

between stearic acid and particular buffer components. The SEM studies have enabled 

further information to be obtained with respect to the second mechanism, by 

visualising the particles during dissolution

Changes in the nature of the particles surface were observed during dissolution in 

Sorensens pH 7.0 and pH 8.0 buffers. These changes appeared as striations in the
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stearic acid and became more defined as the run proceeded. No surface alterations 

were observed in the acidic medium. These initial findings can be related to the 

dissolution results in that a much higher drug release was obtained in the alkali and 

neutral media (at 30 minutes; pH 8.0, 79%; pH 7.0, 71%; pH 5.9, 16%). In order to try 

and visualise an extreme form of this process, material was suspended in buffer during 

the drying stage. Suspension in Sorensens pHs 7.0 and 8.0 resulted in complete 

disintegration of the 60 minute samples. However, it is interesting to note that the 

time dependency factor was still in evidence. Suspension in the acidic medium 

produced negligible changes. These changes to surface morphology indicate that an 

interaction is taking place between buffer components and stearic acid. The 

interaction does not occur under acidic conditions. Surface change is associated with 

high levels of drug release.

Lesser surface changes were observed in the second part of the study investigating 

buffer composition. The citrate-phosphate buffer showed the greatest surface change 

and also produced a slightly higher initial drug release. However, the total amount of 

drug release was much lower than that fi*om Sorensens pH 7.0, therefore the 

requirement of a particular buffer composition for optimal dissolution is further 

demonstrated.

In the final section, surface change was related to the sodium content of the buffer. 

With the exception of the 0.2M buffer, increasing the amount of sodium increased the 

amount of surface change, albeit by a small amount, suggesting that the sodium ion 

may be the principal interacting species.

This study has shown that in certain media significant changes occur to the surface of 

the spheres during dissolution. Media which resulted in the greatest amount of surface 

change also produced the highest levels of drug release. Results fi’om the final part of 

this study using increasing levels of sodium suggests an interaction is taking place 

between sodium ions and stearic acid. The observed surface changes can not be 

directly related to the mechanism of drug release since in the dissolution studies high 

levels of sodium resulted in low drug release. However, these results do provide
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evidence for the involvement of more than one mechanism in the release of 

cefuroxime axetil from SACA.
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5. Thermal Analysis of SACA and Fatty Acids

The term thermal analysis describes a group of techniques in which specific physical 

properties of a material are measured as a function of temperature. These techniques 

include differential scanning calorimetry (DSC), modulated differential scanning 

calorimetry (MDSC), high sensitivity differential scanning calorimetry (HSDSC), 

differential thermal analysis (DTA), thermogravimetric analysis (TGA), 

thermomechanical analysis (TMA), and dynamic mechanical analysis (DMA).

5.1 Differential Scanning Calorimetry (DSC)

5.1.1 Introduction

Differential scanning calorimetry has become one of the most widely used thermal 

techniques. It can be used to characterise physical and chemical events by measuring

changes in the enthalpy or heat capacity of a sample. Since a great number of

processes of pharmaceutical interest are accompanied by these changes, this technique 

has found a wide range of applications within the field of the pharmaceutical sciences.

5.1.1.1 Development of Differential Scanning Calorimetry

The development of thermal analysis as a technique is discussed in several 

publications (Ford and Timmens, 1989; Wendlandt, 1974). A brief summary using 

these texts is given below.

Thermometric scales were first defined in the 18* century along with the start of 

practical calorimetry. Work by Lavoisier and Laplace led to studies by Fourier on heat 

conduction and experiments by Joule on electrical heating and calorimetry. 

LeChatelier is credited with being the father of thermal analysis since he appears to 

have been the first person to record temperature as a function of time in heating 

curves. His early work on clays and minerals consisted of thermal analysis
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determinations using a single thermocouple immersed in a sample. As is expected 

with such a simple technique this heating curve method was not very sensitive to 

small heat effects and was adversely affected by changes in heating rate and recording 

equipment. Differential thermal analysis was originally conceived by Roberts-Austen 

near the end of the nineteenth century. His work employed a two-thermocouple 

system with the first being placed in a sample and the second in a reference block in 

the furnace. The differential temperature reading was more sensitive to small 

temperature changes within the sample and plotted as a function of temperature or 

time. For many years differential thermal analysis was employed as a valuable 

technique for the identification of minerals, clays and metal alloys etc. However, the 

technique was virtually ignored in the field of chemical analysis until Houndsworth 

and Cobb investigated the response of fire clays and bauxite on heating in the early 

part of the twentieth century. In the 1950s Stone was involved with the development 

of the first modem, high-quality commercial DTA instrument and in the 1960s, due to 

the availability of commercial instrumentation, DTA was applied to problems in 

polymer chemistry. This instrument along with the newer technique of Differential 

Scanning Calorimetry, developed by the Perkin-Elmer Corporation in 1963, was 

uniquely suited for the elucidation of thermal properties of polymers.

The field of thermal analysis has developed over the last decade and the techniques 

which it encompasses are applied to a large range of scientific investigations. As well 

as the more traditional areas of polymers, organic chemicals and pharmaceuticals, 

these techniques are now employed in areas such as electronics, geology and 

engineering, materials science and quality control.

5.1.1.2 Principles of Differential Scanning Calorimetry

The basic principal behind DSC involves the indirect measurement of differential 

power during a thermal event. Heat is applied simultaneously to two pans, one 

containing a sample material while the second is the reference. This pan may be empty 

or contain a material which does not undergo any thermal transitions over the 

temperature range being investigated. The temperature of both pans is expected to 

increase in a linear manner with the temperature difference between then remaining at
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zero. If the sample material undergoes a thermal event then the temperature difference 

between the two pans is detected by the instrument. These events may be endothermie 

(melting, dehydration) or exothermic (crystallisation). Alternatively, the event may 

involve a change in the heat capacity of the sample (glass transition).

Two types of instrument are commercially available. The power compensation DSC is 

typified by the Perkin-Elmer systems, while the heat flux DSC is typified by the 

DuPont system, as well as instruments by Seteram and Mettler. The primary 

difference between these two techniques is the way in which heat is applied to the 

sample and reference pans. Power compensation DSC (Figure 5.1) utilises individual 

micro-fumaces. This design operates as a ‘thermal-null’ system i.e. the differential 

temperature between the sample and reference pans is maintained at zero while the 

power required to maintain the same temperature in the two pans is measured. 

Average and differential temperature control loops are used to maintain the 

temperature of the system. The former provides power to both furnaces in accordance 

with the selected heating programme while the latter is the actual measuring circuit 

that derives the instruments output signal. At the onset of an enthalpic event (e.g. 

melting, re-crystallisation, decomposition) the sample temperature will deviate from 

that of the reference. In response to this, energy will be supplied to one or other of the 

pans in order to maintain isothermal conditions. For an exothermic event energy is 

supplied to the reference and for an endothermie event energy will be supplied to the 

sample pan, thereby maintaining a differential temperature of zero. The amount of 

energy provided is directly proportional to the energy change of the system and the 

power delivered by the differential heaters is given by the following expression:

P = dQ/dt = fP  Equation 5.1

where -P(W) is power, /(A) is current supplied to the heater and /?(Q) is the resistance 

of the heater (Coleman and Craig, 1996). Sample and reference furnaces are mounted 

in cavities of a large aluminium block or ‘heat-sink’. This block is kept at a constant 

temperature well below that of the experiment to ensure that heat can be lost from the 

micro-fumaces to the large heat-sink very rapidly. This type of control system affords
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excellent temperature control, minimal overshoot and permits fast heating and cooling 

rates.

Heat flux DSC (Figure 5.2) uses a single heat source as opposed to micro-fumaces to 

heat both the sample and reference pans. The primary means of transferring heat is by 

a constantan disk which also functions as one element of the temperature-measuring 

thermo-electric junctions. In this system it is the differential temperature between the 

two pans which is measured. Energy is a derived quantity rather than a measured 

quantity since the recorded temperature difference between the sample and reference 

pans is converted into energy units using the following formula:

AQ = (Ts-Tr)  I R t  Equation 5.2

where Q (J) is heat, Rt (KJ'^) the thermal resistance of the cell, Ts (K), the temperature 

of the sample and Tr (K) the reference temperature (Coleman and Craig, 1996). One 

assumption made is that the thermal gradients within the components of the cell (e.g. 

between the sample, reference and their holders) are negligible.

5.1.1.3 Information Derived from Thermo-Analytical Data

DSC data is presented in the form of a thermoanalytical curve with differential power 

plotted against temperature. In accordance with ICTA (International Confederation of 

Thermal Analysis), data obtained with a power compensated instrument should 

display endotherms in an upward direction while those of a heat flux instrument 

should be displayed in a downward direction. The integral under the curve is equal to 

the enthalpy of the transition, which is directly proportional to the heat evolved or 

absorbed during a thermal event. This area is determined Ifrom the point where the 

transition line leaves the baseline (onset temperature To) to the point at which the 

exotherm or endotherm rejoins the baseline. Other characteristic temperatures used to 

describe a peak are the extrapolated onset temperature, Tg, and the peak temperature, 

Tm, which is measured as the apex or the peak.
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A considerable quantity of information concerning a sample may be gained by 

characterisation of its thermal events. For enthalpy transition measurements there is a 

degree of operator bias and the greatest accuracy is achieved by using small sample 

sizes, ensuring proper sample encapsulation, slow scanning speeds and correct 

instrument calibration. In the following discussion some of the most common thermal 

events are discussed.

For a theoretically 100% pure crystalline material the melting transition will be 

instantaneous i.e. truly isothermal (Barall, 1973), and is classed as a first order 

transition. However, this is rarely the case, with most materials exhibiting non- 

isothermal behaviour and melting over a broader range. Thus, for melting, the 

temperature whereby the first liquid phase is detected may be used. The area under the 

melting peak is a direct measurement of the heat of fusion of the material. However, 

the sharpness of the melt peak will be influenced by such factors as the purity of the 

material and its crystalline perfection. For non-polymeric materials, an ideal impurity 

will depress its melting point and greatly broaden its melting range. Polymeric 

materials, however, melt over a broad temperature range. This melting state is related 

to the crystallite size of imperfections throughout the polymer and is not evidence of 

an impurity. A step change in the baseline represents a glass transition. At the glass 

temperature the material changes from a brittle glassy state to a plastic or liquid state. 

This is considered to be a second order transition since it involves a discontinuous 

change in a secondary thermodynamic quantity such as specific heat. This is most 

commonly associated with polymeric materials. The boiling point of materials can be 

assessed, but only after specific modifications have been made to the actual 

instrument. The loss of water from hydrates or solvent from solvates can be detected 

by DSC and will be registered as endotherms on a DSC trace. However, 

thermogravimetric analysis provides more detailed information thereby allowing the 

weight of the water (solvent) lost to be calculated. DSC can also be used to interpret 

changes involving liquid crystals, detect isomerism within a material and be used to 

calculate specific heats and heats of transition.
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5.1.1.4 Applications of Differential Scanning Calorimetry

Differential scanning calorimetry has many applications in a diverse range of 

industries i.e. automotive, building, electrical, electronic, food, pharmaceutical and 

textile. Due to this vast range of applications it is impossible to discuss each one in 

detail, therefore the following discussion will focus on the use of DSC solely within 

the pharmaceutical industry.

DSC is one of the most common techniques used in the pre-formulation and 

development of medicines. One of the major concerns in these early studies with 

respect to solid dosage forms is whether the active ingredient will be compatible with 

any of the included inactive ingredients or, in the case of combination products, 

whether active ingredients are compatible with each other (El-Ridy et al, 1982; Iyer 

and Tipnis, 1994; Gordon et al, 1984; Botha and Lotter, 1990; Jacobson and Reier, 

1969; Hedge et al, 1996). Incompatibility may lead to accelerated potency loss, 

complex formation, acid/base interactions or eutectic formation.

The advantage of using DSC over DTA is that the quantity of heat required to 

complete a transition can be measured accurately, therefore changes in enthalpy of 

fusion as a result of incompatibility can be measured. Incompatibilities which 

manifest themselves in this way maybe overlooked by only analysing peak changes. 

El-Shattaway and his co-workers have published many papers using the enthalpy 

approach (El-Shattawy et al, 1981, 1982a,b,c,d, 1984). DSC has also been used to 

detect degrees of incompatibility with respect to the way materials have been brought 

into contact with each other. Cotton et al (1987) evaluated the incompatibility between 

enalapril maleate and microcrystalline cellulose by comparing tumble-mixed 

compressed blends, ground mixes and ground compressed mixes. They found a 

reduction in the apparent heat of fusion, an indication of incompatibility, was greater 

in the compressed mixes where there was better surface contact between the drug and 

excipient particles. Process induced variations can also be detected by DSC (Timmins 

et al, 1990)
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A further use for DSC is in the initial characterisation of the drug substance, in 

particular to determine the level of purity (van Dooren and Muller, 1984) and to 

evaluate its polymorphic nature (Giron, 1995; Garti et al, 1980). Varying the 

polymorphic form for a particular drug substance has the potential to alter its chemical 

and physical stability due to altered reactivity. This in turn may effect the rate of 

dissolution, which can be related to the degree of absorption and its therapeutic 

activity. Tuladhar et al (1983), when working with phenylbutazone found that three 

polymorphs of the compound showed single endotherms on DSC at high heating rates 

whereas additional peaks were discernible at lower heating rates. This was due to the 

less stable forms melting and re-crystallising as the more stable form prior to that 

form then melting. The result was a melting endotherm, a re-crystallisation exotherm 

and then a final melting endotherm. In these types of studies it is not sufficient to use 

DSC alone, therefore it maybe combined with X-ray dif&action, IR spectroscopy or 

hot-stage microscopy. DSC can also be used to determine the crystalline or 

polymorphic nature of the drug in solid drug dispersions (Kim et al, 1984; Shefter and 

Cheng, 1980)

Several thermal methods including DSC are used in the characterisation of solvates. A 

solvate describes a crystalline material which contains some solvent of crystallisation; 

in the case of water they are referred to as hydrates. Several authors have used DSC to 

investigate these systems (Brown and Hardy, 1985; Niazi, 1978; Allen et al, 1978; 

Giron, 1995; Khankari et al, 1992). DSC is also widely used in the thermal analysis of 

excipients, polymeric drug delivery systems and semi-solid pharmaceutical systems 

i.e. suppositories, creams, and liposomes (Rajala and Laine, 1995; Pryce-Jones et al, 

1992)

5.1.1.5 Objectives of Differential Scanning Calorimetry Studies

Earlier studies have shown that drug release is media dependent and that surface 

changes occur to the particles after periods of dissolution in particular media. Parallels 

between drug release and these surface changes have been made. The primary aim of 

the DSC studies was to further characterise these changes by investigating the thermal



Chapter 5 ....Thermal Analysis /1 2 8

properties of SACA prior to and during dissolution. A secondary aim of this study was 

to characterise the thermal properties of materials used in the manufacture of SACA.

5.1.2 Materials

Information on cefuroxime axetil, stearic acid (manufacturing and pure grades), 

palmitic acid, lauric acid, myristic acid, behenic acid and arachidic acid is given in 

Sections 2.1, 2.2 and 2.3.

The preparation of SACA after partial dissolution is listed in Section 4.3.1. Details of 

the buffer components used are found in Section 2.4 and their preparation is described 

in Section 3.3.1..

5.1.3 Methodology

Differential scanning calorimetry was performed using a power-compensation 

instrument, Perkin-Elmer DSC7, incorporating a PE 3700 computer. Through the PE 

3700 data station, unattended operation or simultaneous operation and data analysis is 

possible. Calorimetric accuracy and precision of ± 1% and 0.1% respectively are 

claimed with temperature accuracy and precision both of 0.1 °C being indicated. 

Heating rates of 0.1 - 200°C min'  ̂ are possible in 0.1°C increments over a temperature 

range of -170 - 725°C.

After preparation the sample and reference pans were transferred by means of 

tweezers into their respective furnaces. Care was taken when replacing the cell covers 

and thermostat lid in order to avoid jarring the encapsulated samples out of place. A 

nitrogen purge at a flow rate of 30cm^min'^ was used to provide a inert gas 

atmosphere around the immediate vicinity of the sample and reference pans. A purge 

gas is important when open pans are used in order to dispel any volatile products, 

however in these studies it’s main use is to minimise baseline noise. Run conditions
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and data were stored on the PE 3700 computer and hard copies were produced using a 

multiple-pen printer plotter. Three runs were carried out for each sample.

5.1.3.1 Instrument calibration

Routine calibration is important to ensure that recorded transition temperatures and 

energies are accurate. Factors which may affect calibration include the instrument 

temperature, baseline optimisation and scanning rate. Calibration is usually performed 

using the melting point of pure metals. These pure element metals such as zinc, 

indium and lead have consistent properties which do not change with time, although 

zinc and lead may be subject to oxidation in use. Indium is probably the most widely 

used calibrant. It melts at 156.6°C and has an enthalpy of fusion of 28.7IJ/g. It is 

readily available in a very pure form (typically 99.9999% plus) and unlike zinc can be 

re-used on a regular basis (Ford and Timmins, 1989).

Indium was prepared by accurately weighing a small amount into a I  tared aluminium 

DSC pan. The pan was sealed and placed into the sample furnace. The calibrant was 

run against a sealed, empty reference pan over a temperature range of 100 - 200°C. 

Scanning rates of 2, 5, 10, and 20°C were used, with the information obtained for each 

scan being entered into a calibration menu. Prior to the start of each study the 

appropriate calibration was recalled j&om the menu, a check was performed and if 

necessary corrections were made. Every month values for the melting temperature and 

enthalpy of indium were re-entered into the calibration menu. Prior to each run the 

instrument was allowed an equal warm up period.

5.1.3.2 Sample Encapsulation

Proper encapsulation of a sample is important to ensure that accurate results will be 

obtained from DSC. Good contact between the material and the bottom of the pan 

ensures uniform contact with the temperature sensing device which in turn will reduce 

the thermal lag and the thermal resistance of the system. Material was transferred into 

a tared aluminium pan. To increase sample contact with the pan base an aluminium 

lid was placed over the material using tweezers. The pan was then transferred to a
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crimping device where, by means of a downward pressure, the pan and the lid were 

pressed together to form a seal fully encapsulating the sample. The encapsulated 

material was run against a sealed, but empty aluminium pan.

5.1.3.3 DSC parameter investigations

Ford and Timmens (1989) have stated that the initial baseline deflection seen at the 

start of a scan when going from isothermal mode to dynamic mode depends on the 

mass of sample used, specific heat of samples, heating rate and instrument sensitivity, 

van Dooren and Muller (1981a,b,c,d) stated that several factors could influence DSC 

curves. These can be divided into two groups, instrument-controlled factors and 

sample-controlled factors. The former includes heating rate and atmosphere while the 

latter includes the size, handling, shape, particle size, and encapsulation of the sample.

The following parameter investigations were carried out in order to assess the optimal

experimental conditions for this study.

5.1.3.3.1 Thermal History

The thermal history of a material is an important parameter which should be 

investigated prior to any further examination. Although this is very important when 

dealing with polymers it can equally be applied to fats, waxes, and metals etc. The 

thermal history of a sample is assessed by programmed heating and cooling cycles. 

The initial heating experiment will give information about the material as well as its 

previous thermal history. Program cooling the materials from the melt at the same 

cooling rate imposes a common thermal history. Finally, the re-heating experiment 

will allow a comparison of the nature of the base material. In order to assess the 

thermal history of samples used in this study several materials were heated from 40°C 

to 100°C using a heating rate of 10°C min'\ held for 1 min at that temperature, cooled 

back down to 40°C, held again for 1 min then re-heated to 100°C.
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5.1.3.3.2 Investigation into Different Sample Sizes

The choice of sample size will to some extent depend on the material being examined. 

However, the following should be taken into consideration. High mass results in large 

peaks, poor resolution, temperature lag within the sample, and improved precision 

from inhomogeneous materials. Small mass gives smaller peaks, better resolution and 

accuracy. In order to determine the optimal sample mass for further experiments 

several sample masses were investigated. Sample sizes of 2, 4, 6, 8, and lOmg were 

heated at a rate of 10°C min'*.

5.1.3.3.3 Investigation into Different Heating Scanning Rates

During the melting process, regardless of the heating rate used, the same amount of 

heat will be required by the sample to go from solid to liquid and the area under the 

peak in J/g will remain the same. Increasing the heating rate increases the size of the 

peak. This is advantageous when very small transitions are being investigated, 

although the disadvantage is that that peak resolution decreases which may result in 

one of two adjacent peaks becoming obscured. Traditionally, a heating rate of 

10°C min'* has been used. This is thought to be due to the influence DTA has had on 

the development of this technique where slow heating rates were necessary to ensure 

sample equilibrium. In these preliminary investigations heating rates of 2, 5, 10, and 

20°C were investigated.

5.1.3.4 Studies on Raw Materials and SACA

Initial studies were carried out on the raw materials used in the manufacture of SACA 

in order to establish their basic thermal properties. Further studies were then carried 

out to investigate the effect different dissolution media had on the thermal properties 

of SACA. Prior to heating, with the exception of lauric acid, the material was allowed 

to equilibrate at 40°C for 5 min. Runs using lauric acid were carried out using a sub

ambient device which enabled the start temperature to be reduced to 30°C. In all cases 

a heating rate of 10°C min * and a sample mass of 4.0mg were used.
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5.1.4 Results and Discussion

5.1.4.1 Thermal History

Programmed heating and cooling was carried out on SACA, two grades of stearic acid 

and palmitic acid. The thermal parameters are recorded for the two consecutive 

heating cycles in Table 5.1. The results in this and subsequent tables include the mean 

and coefficient of variation.

Table 5.1. Thermal history investigations o f SACA, stearic acid (pure and 
manufacturing grade), and palmitic acid.

Material Onset °C Pea Entha IpyJ/g
1st 2nd 1st 2nd 1st 2nd

SACA 51.47
±<0.01

51.64
±<0.01

56.06
±0.01

55.89
±0.01

149.96
±0.04

139.66
±0.04

Stearic acid^ 65.17
±<0.01

65.01
±<0.01

69.10
±<0.01

68.89
±<0.01

197.51
±<0.01

194.46
db<0.01

Stearic acid^ 52.96
±0.02

51.98
±<0.01

56.42
±0.01

56.07
±<0.01

181.25
±0.03

175.74
±<0.01

Palmitic
acid

58.91
±0.01

58.87
±0.01

63.49
±<0.01

63.46
±<0.01

194.30
±0.01

192.22
±0.01

^manufacturing grade

The values listed in Table 5.1 show that for all samples only small differences are 

observed between the first and second heating cycle. There does appear to be a general 

trend of lower values being recorded for the second heating, but these differences are 

minor. As would be expected with samples of this type, thermal history effects are 

negligible. Therefore, for the rest of the study values will be taken from the first 

heating cycle of each sample.

5.1.4.2 Investigation into Different Sample Sizes

Prior to the start of analysis an appropriate sample size which would be used 

throughout the study had to be determined. The choice of sample size is dependent 

upon the material in question and is usually a compromise between various factors. In 

general the larger the sample size the bigger the peaks, however these will generally
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be of poor resolution. Greater accuracy and resolution are obtained with smaller 

sample sizes. For this initial study sample sizes of 2, 4, 6, 8, and lOmg were chosen. 

The highest mass was set at lOmg since this was the maximum volume of material 

which could be contained within the aluminium sample pan. The lower mass of 2mg 

was chosen since this was the lowest volume which could provide adequate thermal 

contact with the base of the pan. All samples were heated at 10°C min'^ and the 

transition values are listed in Table 5.2. In all cases a single endotherm was observed 

around 54°C which represents the melting point of SACA.

Table 5.2. Effect o f sample size on transition values o f SACA.

Thermal Sample size mg
Parameter 2

(2.0610.01)
4

(4.05K0.01)
6

(6.05K0.01)
8

(8.07K0.01)
10

(10.05K0.01)
Onset °C 50.34K0.01 50.33K0.01 50.32K0.01 50.36K0.01 50.23K0.01
Peak °C 53.00K0.01 53.8710.01 54.9310.01 55.79K0.01 56.46K0.01

Enthalpy J/g 143.1410.2 149.3610.2 153.2110.03 153.9210.1 155.7410.01

The onset temperature remained constant for all masses, however peak temperature 

and enthalpy values both increased as the sample mass became larger. Increasing the 

sample mass results in a greater temperature lag within the system which explains the 

increase in peak temperature for the higher mass samples. Taking this into 

consideration, a more accurate result will be obtained when using lower sample 

masses. In general the ideal sample size should be as small as possible but still large 

enough to measure the transitions of interest. A sample size of 10-15mg is adequate 

for most materials, although for pharmaceuticals a smaller mass of 5-lOmg is 

recommended (Radomski and Radomska, 1982). Based on current literature and 

taking the results of this study into consideration a sample size of 4.0 ± 0.1 mg was 

selected.

5.1.4.3 Investigation into Different Heating Rates

The choice of a correct heating rate is of vital importance in ascribing the correct 

temperature to a transition. Early work carried out by Brancone and Ferrari (1966) 

found that for DTA rapid heating rates gave large sharp peaks but at the expense of
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losing some of the smaller details, and when using slower rates the temperature 

difference between the sample and reference became too small and some transitions 

did not appear on the scan. It is necessary therefore to establish a standard heating rate 

prior to the start of analysis. For this study heating rates of 2, 5, 10 and 20°C min'^ 

were investigated. Calibrations were performed for each individual scan rate. Using a 

sample size of 4mg SACA was heated using each of the four heating rates. The 

resultant thermal parameters are presented in Table 5.3.

Table 5.3. Effect o f scanning rate on transition values o f SACA.

Thermal
Parameter

Heating rate °C min'^
2 5 10 20

Onset °C 
Peak °C 

Enthalpy J/g

52.06+0.2
53.86±0.02
160.99+0.04

51.48±<0.01
54.55±<0.01
157.48+0.05

51.99K0.01
55.58±<0.01
156.13±0.01

51.9110.01
56.83K0.01
160.01+0.1

The onset value is again similar for each of the different heating rates. The enthalpy 

values remain consistent throughout but a slight increase in peak temperature is 

observed with increased heating rate. Since in all four cases the same weight of 

sample was used, the amount of energy required to convert the solid into liquid during 

the melting process will be the same, regardless of the heating rate used. This explains 

the similar enthalpy values observed for each scanning rate. As the heating rate of an 

experiment increases so will the observed transition temperature. This illustrates the 

importance of calibrating the instrument using the same scanning rate which will be 

used in further experiments. When using a faster heating rate less time is available for 

equilibration which in turn results in reduced resolution, however the size of the peak 

is increased which is advantageous for small transitions. Since the melt of SACA is 

well defined it is not necessary to sacrifice resolution in favour of larger peaks 

therefore the standard heating rate of 10°C min'^ will be used for all further analysis.

5.1.4.4 Analysis of Raw Materials.

The grade of stearic acid used in the manufacture of SACA is a 50:50 mix of stearic 

and palmitic acid and contains a small amount of lauric, behinic, arachidic and 

myristic acids, up to a combined total of 3%. The objective of this part of the study
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was to establish the melting characteristics of each of these acids. Approximately 4mg 

of each acid were heated using the standard heating rate of 10°C min'^ and the results 

are listed in Table 5.4.

Table 5.4. Melting characteristics o f fatty acids.

Thermal
Parameter

Fatty acic
Lauric Myristic Palmitic Stearic^ Stearic^ Arachidic Behenic

Onset °C 39.89
±<0.01

51.62
±<0.01

59.08
±<0.01

65.17
±<0.01

52.96
±0.02

74.67
±0.02

73.49
±<0.01

Peak°C 44.23
±0.01

55.74
±<0.01

63.42
±<0.01

69.10
±<0.01

56.42
±0.01

75.82
±0.02

79.36
±<0.01

Enthalpy J/g 191.32
±0.01

187.26
±0.01

194.33
±0.01

197.51
±<0.01

181.25
±0.03

221.17
±<0.01

192.79
±<0.01

Manufacturing grade of stearic acid

A single melt peak was observed for each acid. The respective melt temperatures of 

each acid are the same as is reported in current literature (Unichema, 1992). It is noted 

that the manufacturing grade of stearic acid melts at a temperature over 10°C lower 

than that of the pure grade due to it being a eutectic mix. The exact composition of 

this grade of stearic acid is listed in Table 2.2, Section 2.2. The intermixing of two 

components to form an eutectic mix will result in a broader endotherm due to the 

depression of the melting point. Since cefuroxime axetil is amorphous in nature a 

broad, flat peak (known as a relaxation endotherm) is observed on the DSC scan as 

opposed to a well defined melt peak, see Figure 5.3.
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Figure 5.3 DSC trace for cefuroxime axetil.
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5.1.4.5 Investigation into the Thermal Properties of SACA exposed to
Sorensens pH 8.0,7.0 and 5.9

Following on from the SEM studies in which surface changes were seen to occur on 

the surface of SACA after removal from particular media, it was decided to look at 

their thermal properties to establish whether or not a correlation could be made. In this 

first study SACA which had undergone part dissolution in Sorensens pH 8.0, 7.0 and 

5.9 were examined. Figures 5.4 to 5.6 show the DSC scans for microspheres removed 

at 10, 30 and 60 minute intervals, and Table 5.5 lists their respective thermal values, 

these samples were washed with distilled water before drying.

Table 5.5 Thermal properties o f SACA after pre-treatment with 
Sorensens pH  8.0, 7,0 and 5.9.

Buffer Sorensens pH 5.9
Onset °C Peak °C Enthalpy J/g

10 min 51.61±<0.01 55.79±<0.01 160.88+3.69
30 min 51.73±<0.01 55.44±<0.01 156.68±0.05
60 min 51.39±<0.01 55.28±<0.01 156.06±0.03

Buffer Sorensens pH 7.0
Onset °C Peak °C Enthalpy J/g

10 min 51.76±0.03 55.05±0.02
61.49±0.01

100.42+2.13
15.76+0.15

30 min
61.85±<0.01

54.41±<0.01
66.49+0.02

47.77+0.02
97.81+0.14

60 min
64.48±<0.01

53.67±0.03
67.80±<0.01

13.84+1.15
144.84+0.14

Buffer Sorensens pH 8.0
Onset °C Peak°C Enthalpy J/g

10 min
54.75±<0.01

53.62±<0.01
69.04±<0.01

22.22+0.03
125.98+0.01

30 min
55.19±<0.01

54.02±<0.01
68.82±<0.01

34.77+2.98
120.19+0.03

60 min
65.63±<0.01

53.40±<0.01
69.58±<0.01

1.78+0.34
137.16+0.02



Chapter 5 ....Thermal Analysis / 1 3 8

Examination of the DSC trace for microspheres removed after part dissolution in 

Sorensens pH 5.9 little change is seen over the 1 hr period. For all three time points a 

single melt peak at approximately 55°C is observed, this has previously been shown to 

be the melt temperature of SACA. The onset temperature and the enthalpy of the melt 

also remained constant. The absence of any change in the thermal properties of these 

samples mirrors the results which were obtained from the earlier SEM studies. SACA 

which had been subjected to the same dissolution conditions showed no appreciable 

surface changes when examined by SEM. More interesting traces were obtained for 

the neutral and alkali pHs of Sorensens. Looking first at the 10 min sample for 

Sorensens pH 7.0, a second endotherm was seen to occur after the initial melt peak. 

As SACA underwent longer periods of dissolution the area and peak temperature of 

this second peak increased, while the same parameters for the first peak diminished. 

No further changes were seen at temperatures above the second peak. Similar 

observations can be made for SACA which had undergone dissolution in Sorensens 

pH 8.0, but on a more pronounced scale. As early as the 10 min sample the second 

peak is dominant with respect to the melt peak of SACA.
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Figure 5.4 DSC trace fo r SACA removed, washed and dried after 10, 30 and 60 
minutes o f dissolution in Sorensens pH 5.9.
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Figure 5.5 DSC trace for SACA removed, washed and dried after 10, 30 and 60
minutes dissolution in Sorensens pH 7.0.
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Figure 5.6 DSC trace fo r SACA removed, washed and dried after 10, 30 and 60 
minutes dissolution in Sorensens pH 8.0.
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Figure 5.7 DSC trace for SACA suspended in media during the drying process after
10, 30, and 60 minutes dissolution in Sorensens pH 5.9.
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Figure 5.9 DSC trace for SACA suspended in Sorensens pH  8.0 after 10 minutes
dissolution.
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To investigate these observations further the thermal properties of SACA which had 

been left suspended in the three media were examined. The DSC scans are shown in 

Figures 5.7 to 5.9 while the thermal data for each sample is presented in Table 5.6.

Table 5.6 Thermal properties o f SACA after pre-treatment with Sorensens pH  5.9, 7.0 
and 8.0 (suspended in buffer during the drying process).

Buffer Sorensens pH 5.9
Onset °C Peak °C Enthalpy J/g

10 min 51.54+0.01 55.78+0.01 149.79±0.05
30 min 51.46+0.02 55.73+0.01 144.57+0.03
60 min 51.96+<0.01 55.91±<0.01 157.99+0.01

Buffer Sorensens pH 7.0
Onset °C Peak °C Enthalpy J/g

10 min 64.22±<0.01 68.78±<0.01 107.54±0.06
30 min 64.12±0.01 68.42±<0.01 115.52+0.02
60 min 64.60±<0.01 69.10±<0.01 111.24+0.04

Buffer Sorensens pH 8.0
Onset °C Peak °C Enthalpy J/g

10 min 66.22±<0.01 69.51±<0.01 99.51+0.09
30 min 65.68±<0.01 69.52±0.36 115.21+0.05
60 min 65.89±0.01 69.41±0.01 100.59+0.06

Looking again at SACA which had been suspended in the acidic media, a single melt 

peak at approximately 55°C is observed at each of the three time points. Again the fact 

that SACA undergoes no thermal changes can be related to the SEM studies in which 

surface changes to the spheres were still absent after suspension in this media. 

Looking next at the DSC scans for Sorensens pH 7.0 and 8.0, single peaks are also 

observed, however the melt temperature of these peaks are 68 and 69°C respectively, 

as opposed to 54-55°C which was the melt temperature of the original material. This 

indicates that the original material has undergone some type of interaction with the 

buffer components producing a new material with a higher melting point. Referring 

back to the SEM studies, the spheres were seen to have lost all recognisable structure 

after such treatment. The reaction which occurs results in the disintegration of the 

particles and only occurs under neutral or alkali conditions since the thermal 

properties of SACA suspended in the acid media remained unchanged. Suspending
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SACA in excess media would appear to have allowed the reaction to go to completion 

i.e. no evidence of any initial material remaining. These observations would suggest 

that some type of interaction is taking place between the stearic acid of the 

microspheres and particular buffer components. This may in turn be related to drug 

release since optimal drug release was seen to occur in the neutral and alkali buffers 

and sub-optimal release occurred in the acidic buffer.

5.1.4.6 Investigation into the Thermal Properties of SACA Pre-Treated
with three pH 7.0 Buffers, and Distilled Water

Having established that some form of interaction was occurring between Sorensens 

pH 7.0 and 8.0 and SACA, the thermal properties of SACA which had undergone part 

dissolution in a further three buffers, all of pH 7.0 and distilled water, were then 

investigated and again the results related to the earlier SEM and dissolution studies. 

Figures 5.10 to 5.13 show the DSC traces for SACA after undergoing part dissolution 

in citrate-phosphate, borate, phosphate mixed buffers and distilled water. All material 

was washed after removal from the media and the respective thermal values are 

presented in Table 5.7. Looking first at Figures 5.11 to 5.13, similar results are 

obtained to those seen with the acidic pH of Sorensens, that is a single melt peak at 

54-55°C for all time points. This indicates that no new material has formed, therefore 

no interaction has occurred between SACA and these three media. Referring to the 

SEM and dissolution studies, no significant surface changes were seen to occur to the 

particles when subjected to the same treatment and sub-optimal drug release occurred 

in all three media. However, the citrate-phosphate trace. Figure 5.10, is similar to that 

obtained for Sorensens pH 7.0 and 8.0, in that a second peak is present from the 10 

minute time point onwards. As before the area and peak temperature of the first peak 

decreases with increased time spent in contact with the buffer. The presence of this 

second peak again indicates that a new material has formed due to some type of 

interaction with one or more components of the dissolution media and SACA. Since 

the pH is kept constant in this study it is likely that the formation of the second peak 

within citrate-phosphate buffer is due to the presence of particular buffer components. 

The absence of the peak in borate and phosphate mixed buffers and
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Figure 5.10 DSC trace fo r  SACA removed, washed and dried after 10, 30 and 60 
minutes dissolution in citrate-phosphate buffer pH  7.0.
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Figure 5.11 DSC trace for SACA removed, washed and dried after 10, 30 and 60
minutes dissolution in borate buffer pH 7.0.
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Figure 5.12 DSC trace fo r  SACA removed, washed and dried after 10, 30 and 60 
minutes dissolution in phosphate mixed buffer pH  7.0.
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Figure 5.13 DSC trace for SACA removed, washed and dried after 10, 30 and 60
minutes dissolution in distilled water.
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distilled water is most probably due to a low level or absence of these interacting 

species. The individual ions present in each of the three buffers are listed in Table 5.8.

Table 5.7 Thermal properties o f SACA after pre-treatment with citrate-phosphate, 
borate, phosphate mixed buffers pH  7.0 and distilled water.

Media Citrate-phosphate
Onset °C Peak°C Enthalpy J/g

10 min 51.17±<0.01 56.55K0.01
65.42K0.01

69.21K0.01
92.5310.05

30 min 49.83+0.02 35.3110.03
64.7110.01

54.2710.11
93.3510.11

60 min 48.23+0.01 54.2010.02
64.40K0.01

46.3710.13
101.5610.07

Media Borate
Onset °C Peak °C Enthalpy J/g

10 min 51.31±<0.01 55.23K0.01 156.0710.03
30 min 51.10±<0.01 54.95K0.01 152.7610.03
60 min 51.4710.01 55.19K0.01 154.2610.02

Media Phosphate, mixed
Onset °C Peak°C Enthalpy J/g

10 min 51.62K0.01 55.7010.01 152.7410.05
30 min 51.59K0.01 55.66K0.01 156.5310.02
60 min 51.37K0.01 55.11K0.01 142.6410.09

Media Distilled water
Onset °C Peak°C Enthalpy J/g

10 min 51.60+<0.01 56.0710.01 159.5910.03
30 min 51.64+<0.01 56.0110.01 160.9310.02
60 min 52.0810.02 55.9710.01 159.5010.04

Table 5.8 Individual ion molarities in selected buffers.

Buffer Molarity
Na'" P O / 8 4 0 7 -̂ B0 4 '̂

Citrate-
phosphate

0.3295 - 0.3055 0.1647 - -

Borate 0.0060 - 0.5657 - 0.0030 0.1886
Phosphate

mixed
0.0070 0 .0 0 2 0 0.0080 0.0060 - -
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Citrate-phosphate contains a significantly higher concentration of sodium than the 

other two media and dissolution studies have shown that the level of drug release can 

be altered by the addition of sodium. This study has shown that in media of a high 

sodium concentration a second melt peak is observed. It is therefore possible that this 

interaction is an underlying mechanism of release. In order to investigate this further 

the thermal properties of SACA were investigated which had been pre-treated with 

phosphate mixed buffer of varying sodium molarities.

5.1.4.7 Investigation into the Thermal properties of SACA Pre-Treated
with Phosphate mixed Buffer of Differing Sodium Molarities

The final section of these DSC studies investigated the thermal properties of SACA 

which had undergone part dissolution in phosphate mixed buffers of differing 

molarities. The dissolution studies had shown that by increasing the sodium content of 

the buffer the percentage drug release could also be increased. However, this increase 

only occurred up to a sodium molarity of 0.05M after which increasing the sodium 

content of the buffer retarded the percentage drug release. Samples were analysed as 

before and the DSC scans are shown in Figures 5.12 and 5.14 to 5.19, the thermal 

values are presented in Table 5.9.
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Table 5.9 a Thermal properties o f SACA after pre-treatment with phosphate mixed 
buffer (sodium molarity 0.007 to 0.1068).

Molarity 0.0070
Onset °C Peak°C Enthalpy J/g

10 min 51.62±<0.01 55.70+0.01 152.74+0.05
30 min 51.59±<0.01 55.66+<0.01 156.53+0.02
60 min 51.37±<0.01 55.11+<0.01 142.64+0.09

Molarity 0.0100
Onset °C Peak °C Enthalpy J/g

10 min 51.89+0.01 55.68+0.01 153.29+<0.01
30 min 51.46±<0.01 55.24+0.01 150.51+0.06
60 min 51.28±<0.01 55.12+0.01 153.37+0.04

Molarity 0.0500
Onset °C Peak °C Enthalpy J/g

10 min 51.04±<0.01 54.66+<0.01 152.67+0.02
30 min 49.52+1.480.03 52.92+0.02

64.35+<0.01
65.471+0.03
96.11+0.08

60 min 50.52+0.02 53.69+0.01
64.24+0.02

76.09+0.04
87.82+0.05

Molarity 0.1068
Onset °C Peak °C Enthalpy J/g

10 min 50.54+0.02 55.93+0.02
57.60+0.01

133.44+0.03
16.21+0.13

30 min 50.62+0.01 56.73+0.02
58.93+0.02

131.48+0.04
22.14+0.14

60 min 50.40+0.01 55.33+<0.0159.47+
0.02

115.44+0.01
34.84+0.12
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Table 5.9b Thermal properties o f SACA after pre-treatment with phosphate mixed
buffer (sodium molarity 0.15 to I.O).

Molarity 0.1500
Onset °C Peak°C Enthalpy J/g

10 min 51.59±<0.01 55.78±<0.01 157.06+0.03
30 min 54.42±<0.01 55.04±<0.01

62.07±<0.01
120.33±0.01
41.10±<0.01

60 min 51.89±<0.01 55.80±<0.01
60.77±<0.01

138.62+0.02
24.53+0.10

Molarity 0.2000
Onset °C Peak°C Enthalpy J/g

10 min 51.30+0.01 54.63±<0.01 160.63+0.08
30 min 51.27±<0.01 55.01±<0.01 159.08+0.02
60 min 50.97±<0.01 54.53±<0.01

60.95±0.01
120.98+0.05
33.40+0.18

Molarity 1.0000
Onset °C Peak°C Enthalpy J/g

10 min 51.23+0.01 55.00±0.01 155.57+<0.01
30 min 51.50±0.01 54.75±<0.01 159.36±0.08
60min 51.29±<0.01 55.36±0.01 155.68±0.03
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Figure 5.14 DSC trace fo r  SACA removed, washed and dried after 10, 30 and 60 
minutes dissolution in 0.01 Mphosphate mixed buffer

o  60

60 ^  70 80
Temperature ( C)

90 100

—  10 minutes -----30 minutes  60 minutes

Figure 5.15 DSC trace for SACA removed, washed and dried after 10, 30 and 60
minutes of dissolution in 0.05 M phosphate mixed buffer
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Figure 5.16 DSC trace fo r SACA removed, washed and dried after 10, 30 and 60 
minutes o f dissolution in 0.1068M phosphate mixed buffer.
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Figure 5.17 DSC trace for SACA removed, washed and dried after 10, 30 and 60
minutes of dissolution in 0.15M phosphate mixed buffer.
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Figure 5.18 DSC trace fo r SACA removed, washed and dried after 10, 30 and 60 
minutes o f dissolution in 0.2Mphosphate mixed buffer.
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Figure 5.19 DSC trace for SACA removed, washed and dried after 10, 30 and 60
minutes of dissolution in 1 .OM phosphate mixed buffer.
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The DSC scans for the two buffers with the lowest sodium molarities, 0.007M and 

O.OIM, show a single melt peak at approximately 55°C for all time points. As the 

sodium level is increased to 0.05M a shoulder was observed on the 10 minute melt 

peak which developed into a second peak by the 30 minute time point. Of all the 

molarities this level of sodium produced the highest percentage drug release. 

Increasing the sodium content above this level caused the percentage drug release to 

decrease. For sodium molarities of 0.1068, 0.15 and 0.2 a shoulder on the 10 minute 

sample developed into a small peak as the dissolution time was increased. The highest 

sodium molarity buffer, IM, gave the lowest percentage drug release and no shoulder 

was present on the single melt peak.

The presence or absence of a second melt peak does not appear to be related to the 

level of sodium contained within the buffer. However, results obtained from the 

thermal studies do appear to match those of the dissolution study. The sodium 

molarity which produced the highest percentage drug release also exhibited the largest 

second peak in the thermal studies. As the increased levels of sodium decreased the 

percentage drug release the size of the second peak also decreased until at a sodium 

molarity of 1 .OM no second peak was present and the lowest percentage drug release 

was recorded.

5.1.5 Conclusions

It has been shown that the thermal properties of SACA are altered after a period of 

dissolution in particular media. In Sorensens pH 7.0 and 8.0 a second peak was seen 

to develop which became more prominent after longer periods spent in contact with 

the dissolution media, this second peak was not observed after dissolution in the 

acidic buffer. These results can be related to the SEM studies in that surface changes 

were seen to occur to particles in the neutral and alkali media but not in the acidic 

media. Percentage drug release is also much higher in the first two media. Suspending 

SACA in the three buffers during the drying process produced a single melt peak in all 

three cases. In the acidic medium the peak remained at 54°C, however the peak in pH
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7.0 and 8.0 media moved to around 68-70°C, significantly higher than the melt 

temperature of the initial material.

Looking next at the three pH 7.0 buffers a second peak was observed on analysis of 

SACA which had undergone dissolution in citrate-phosphate buffer, but not for borate 

or phosphate mixed. Distilled water did not produce a second peak. With the 

exception of the citrate-phosphate buffer this suggests that the interacting species are 

absent or present in too low a concentration for the interaction to occur. On inspection 

of the reacting species present in each buffer {Table 5.8) sodium was common to all, 

but present in a greater amount within the citrate-phosphate medium suggesting that it 

may be the principal interacting species.

Interesting results were observed when changing the sodium levels of the phosphate 

mixed buffer. In several cases a second peak, or a shoulder on the first peak, was 

observed. Increasing the sodium content up to 0.05M resulted in the shoulder on the 

first peak developing into a second peak. However, further increases of sodium saw 

this second peak diminish back to just a shoulder on the first peak, at the highest 

sodium concentration of 1 .OM only a single melt peak remained. These results can be 

correlated to findings from the dissolution studies. It was found that by increasing the 

sodium content of phosphate mixed buffer up to 0.05M the level of drug release 

increased. Further additions of sodium decreased drug release.

It can be concluded from this study that the thermal properties of SACA do change 

after dissolution in particular media. This change involves the formation of a second 

material which melts at a higher temperature than the original. Dissolution media in 

which this interaction occurs produces high levels of drug release and in the majority 

of cases surface changes are also apparent. It can therefore be concluded that this 

change is a contributing factor to drug release.
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5.2 High-Sensitivity Differential Scanning Calorimetry
(HSDSC)

5.2.1 Introduction

The first part of this chapter was involved in discussing the principle and applications 

of conventional differential scanning calorimetry (DSC). It is a well established 

technique with many applications in the pharmaceutical, food and beverage, and 

polymer industries as well as in research areas such as metabolism and catalyst 

characterisation. However, one drawback when using this type of instrument is the 

small sample mass used, typically 4-lOmg. This amount of material helps ensure that 

good thermal contact will be made with the aluminium sample pans and avoids 

unwanted temperature gradients within the sample. The problem arises in the analysis 

of dilute materials or those with a high molecular weight. This small sample size may 

impair their analysis by conventional instruments since the heat flow to, or from, the 

sample during a reaction may be of a magnitude lower than the detection limit of the 

instrument. Samples which require extremely low scan rates <0.1°C min'^ are also 

precluded from analysis. In order to study these systems it is necessary to use high- 

sensitivity differential scanning calorimetry (HSDSC), a development of conventional 

DSC.

5.2.1.1 HSDSC Versus DSC

Over the last few years the conventional DSC technique has been modified resulting 

in enhanced instrument performance and sensitivity which has expanded its 

applications to include quantitative and qualitative analysis of chemical and physical 

phenomena in biological systems. The commercial availability at a reasonable cost, 

development of more sophisticated methods of analysis and better theoretical 

knowledge of the systems under investigation have encouraged the more widespread 

use of this technique. Conventional differential scanning calorimeters are extremely 

versatile with possible scanning rates of over 200°C min'\ However, what is gained in 

versatility is lost in sensitivity, which in practice is ±10|iWOne of the main differences 

of HSDSC compared to conventional DSC is that the sample and reference cells! can be
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filled by volume as opposed to weight which is advantageous when analysing liquid 

samples. Low scanning rates and increased sensitivity in estimating heat capacity 

(errors are <0.1%) are particularly relevant to biological studies allowing the study of 

dilute solutions (<10"'^M sample) which are needed to avoid interactions between 

homogeneous macromolecules such as proteins (Chowdhry and Cole, 1989). With 

HSDSC instruments there is near identity of cell geometry, cell volume, rate of 

heating, physical properties and environment. This ensures that the calorimetric output 

reflects only the thermally induced events taking place in the sample and not other 

parameters, such as non-identical heating of the two cells, and contributes to a near 

linear, highly stable reproducible baseline. Table 5.10, although by no means a 

comprehensive list, contains a representative section of commercially available 

differential scanning calorimeters in which comparisons can be made (Gaisford, 

1997; Noble, 1995).

5.2.1.2 HSDSC Instrumentation

As with conventional DSC, HSDSC instruments may be of the heat flux or power 

compensated design. Since the basic principles behind these have already been 

discussed in the first part of this chapter they will not be discussed here. A further 

differentiation between instruments is the type of cells used, a fixed cell within the 

instrument, or a removable (batch) cell that can be cleaned and re-used. Each type has 

its own advantages and disadvantages and these will be discussed below.

Using a fixed cell instrument samples are loaded directly into the calorimeter thereby 

eliminating the need for sample pans. One of the advantages of such an instrument is 

that, due to the cells not being removed, each experiment is conducted under 

conditions where the thermal contact between the cell and the instrument is identical.



Table 5.10 Summary o f representative products.

Instrument Micro DSC III Micro DSC VII Micro DSC CSC 5100 Nano 
DSC

DSC 550 DSC 7

Manufacturer or Seteram, 7 rue de Seteram, 7 rue de Astra Scientific Calorimetry Instrument Perkin Elmer, 761
supplier r  Oratoire, F- F Oratoire, F- International, Sciences, 515 East Specialists, 2402 main Ave.,

69300 69300 6900 Koll Center 1860 South Provo. Spring Ridge Norwalk.
Caluire, France. Caluire, France. Pkwy, Suite 417, 

Pleasanton.
Drive, Suite B, 
Spring Grove.

Type Heat flux Heat flux Heat flux Power
compensation

Heat flux Power
compensation

Furnace
Scan modes Heating, cooling, 

isothermal.
Heating, cooling, 
isothermal.

Heating, cooling. Heating, cooling. Heating, cooling, 
isothermal.

Heating, cooling, 
isothermal.

Temperature -20 - 120°C -45 - 120°C -45 - 120°C 0 - 120°C -150- 550°C -170-725°C
range 
Scan rates 0.001 - 1.2°C 

min'*
0.001 - 1.2°C 0.01 -2,0‘’C 

min'^
0 - 2.0°C 0.1 - 100°C 0.1 - 500°C

min'* m in’ m m ’ m in’
Heat sensitivity/ 
differential 
heating rate

±0.2 - 2pW ±1 - 5pW ±0.1 pW 2pcarC  
sensitivity at 1°C 
min’*

±0.5% ±1%

accuracy
Sample chamber
Volume ImL ImL ImL 0.87mL 50mm^ crimped; 

lOmm^ hermetic.
10-60pL

Type Batch or flow Batch or flow Batch or flow Fixed cell Removable Removable
through cell. through cell. through cell. crucible crucible

Io,

Ï
I



Table 5.10 Summary o f Representative Products, cont.

Instrument Micro DSC III Micro DSC VII Micro DSC CSC 5100 Mano 
DSC

DSC 550 DSC 7

Sample chamber
Crucibles/
ampoules

Hastelloy C Hastelloy C276 Hastelloy C 24-K Au capillary Crimped Al, Cu, 
Au, Ft, and 
graphite; hermetic 
Al and Au

Standard Al, Au, 
Ft, Cu, graphite, 
A1203; volatile Al 
and Au; large- 
volume stainless 
steel; gold-plated 
stainless steel and 
Ti; vapour 
pressure Al

Uses
Applications Biological and 

pharmaceutical 
applications,

Foodstuffs and 
pharmaceuticals, 
liquid crystal

Pharmaceutical
stability,
enzymatic

Conformation, 
solvation, and 
structure for

Research, quality 
control.

Quality assurance 
and control, 
research-level

protein
dénaturation.

transitions, 
bacterial growth.

reactions, protein 
decomposition, 
gelation studies.

biopolymers in 
solution; lipid 
membrane 
structure; ligand 
interactions; helix- 
to-coil transitions 
for
polynucleotides.

experiments. I
V,
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thereby increasing the base line reproducibility. Also, since the cells are never 

removed from the instrument, there is very little chance of them becoming damaged, 

and the mechanical stability imparted to the cells reduces baseline noise. One 

restriction is that in order to facilitate the loading of cells and cleaning, only liquid 

samples may be studied. A typical fixed cell design will allow a constant volume of 

sample to be loaded thereby minimising the errors which might be present when 

weighing a sample to place in a removable vessel. The disadvantages o f this design 

include restricted analysis to liquids and the difficulty which may occur in cleaning 

the cells after an experiment.

With batch cell instruments, samples are loaded into reusable cells which are then 

placed into the calorimeter. The cells being removable are much easier to load and 

clean than those in the fixed cell instrument. This also means that solids as well as 

liquids can be analysed, allowing for a wide range of applications including the 

analysis of pharmaceutical powders and creams. A major advantage of this instrument 

is that the batch vessels can be replaced with different vessels. These are illustrated in 

Figure 5.20 and include mixing, gas-circulating, mixing flow, heat capacity (liquid) 

and glass ampoule.

— O ütlet

w

Figure 5.20 Commercially Available Vessels for use in Batch Cell Instruments
(Seteram).
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The choice of vessel will determine the particular application. The mixing batch 

vessel is designed for studying mixing or interaction of two liquids or a solid and a 

liquid ‘in-situ’, while the glass ampoule vessel is designed for conditioning a 

pulverulent sample in an ampoule before breaking it onto a liquid to study the 

powder-liquid interaction. This variety o f vessels allows investigation into many 

different systems. However, there are some drawbacks to the batch cell design. Since 

the cells are loaded into the instrument the thermal contact between the cell and the 

instrument may vary between experiments and as a result o f handling the cells they 

may become damaged by accident or by misuse. Batch cell instruments can be of the 

power compensated or heat flux design as opposed to fixed cell instruments which are 

mostly o f the power compensated type, as due to the cells being fixed, it is possible to 

place heaters on the base of the cells. An example of a heat-flux system, Seteram 

Micro DSC ID, is shown in Figure 5.21.

Figure 5.21 A Design o f a Calorimetric Block o f a Batch Cell, Heat Flow HSDSC
(Seteram Micro DSC III).
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This instrument consists of a calorimetric block in which two channels are machined. 

One holds the sample vessel and the other the reference. There is a plane surface 

transducer at the bottom of each channel between the cell and the block which is used 

to maintain the cells at a temperature identical to that of the block. The signal 

produced by the transducer on the sample side is proportional to the heat emitted or 

evolved from the sample. The temperature of the block is maintained by a 

thermostatic circuit containing n-decane. A separate heater is used to raise the 

temperature of the liquid and it is cooled by a supply of circulating water.

5.2.1.3 Experimental Considerations

HSDSC is the same as DSC in the fact that obtained results may be affected by the 

condition of the sample (particle size, thermal history etc.) or by the particular 

operating conditions of the experiment (heating rate, reference material etc.). In 

HSDSC, as the batch vessels can be re-used, it is particularly important to ensure that 

they are clean before use. When samples are loaded as solutions good thermal contact 

is achieved between the sample and the cell. However, when loading solid samples it 

must be ensured that the sample size is as small and as uniform as possible, since it 

has been suggested that the particle size of the sample may affect the trace obtained 

(Craig and Newton, 1991). In order to assess the thermal history of solid material it 

may be necessary to re-heat the re-crystallised material to ensure that only the thermal 

signals from actual reactions or phase changes are recorded. When analysing liquids it 

is important ensure that they do not contain any microscopic bubbles which may 

expand on heating. The maximum scanning rate for HSDSC is 1°C min'\

5.2.1.4 Applications of HSDSC

An important application of HSDSC is in the field of protein chemistry. Protein 

pharmaceuticals have become a significant component of the world pharmaceutical 

market. However, the development of these drugs present several problems, one of 

which being the inherent stability and loss of activity when these materials are 

removed from their natural environment. Protein drugs possess secondary and higher 

degrees of structure which are maintained by relatively weak non-covalent interactions
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which may be disrupted by several factors. Conventional DSC in the past has been 

employed to analyse these materials but suffered from several limitations, one of 

which being the lack of sensitivity to detect the small changes in heat capacity 

associated with dilute protein solutions. HSDSC is more suited to this type of analysis 

due to its larger sample size, slower scanning rates and increased sensitivity. This 

particular field can be studied in great depth, however as the purpose of this 

discussion is only to give a very brief overview of the involvement of this technique it 

will be restricted to noting areas of interest alongside relevant literature. Investigations 

into the thermal unfolding of proteins is an important area for HSDSC, as calorimetric 

analysis can provide information concerning the fundamental nature of this process 

and the forces involved in the stabilisation of the native structures of proteins. 

Dénaturation may be of the two-state or the more complex multi-state type. An 

excellent overview on the thermal analysis of proteins is given by Chen and Oakley 

(1995) while several authors have published data relating to dénaturation and 

unfolding of proteins as well as their interactions with other species (Riesen and 

Widmann 1993; Sturtevant et al, 1991; Connelly, 1994; Maneri and Sokoloski, 1991; 

Barone et al, 1992; Poklar, 1994). Further reviews on the biochemical applications of 

this technique are given by Strutevant (1987) and Chowdhry and Cole (1989). Other 

macromolecules which have been investigated include nucleic acids (Breslauer et al, 

1986; Chaires and Sturtevant, 1986; Vesnaver et al, 1989) and lipids (Chowdry and 

Cole, 1989; Zhang and Rome, 1992). Away from the biochemical field, HSDSC is 

widely used in the analysis of polymer systems and surfactants as conventional 

thermal techniques are not always sensitive enough to detect some of the small 

changes which occur (Beezer et al, 1994; Buckton et al, 1992, 1994; Kaneshina and 

Yamanake, 1988; Mitchard et al, 1990,1992).

5.2.1.5 Objectives of ffigh-Sensitivity Differential Scanning Calorimetry
Studies

The importance of stearic acid composition with respect to drug release has already 

been discussed {Section 1.2.4). By carrying out the earlier dissolution and thermal 

analysis on different compositions of SACA, or in fact any type of material which is 

to be used to manufacture these systems, using Sorensens pH 7.0 as the dissolution
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medium, it may be possible to predict the drug release with respect to composition. 

The main problem with this is that the preparation of the material prior to thermal 

analysis is quite involved and time consuming, therefore it would be advantageous if 

both the dissolution and thermal steps could be combined. The introduction to this 

chapter discussed the advantages of using HSDSC for the thermal analysis of liquids. 

Using this technique it would be possible to combine SACA and dissolution media 

within the same vessel and then subject them to a particular heating cycle. HSDSC 

was investigated as a novel means of determining the nature of this interaction since it 

is particularly well suited to studying small thermal events taking place in liquid 

media. The following study has been carried out in order to establish a simple 

predictive test to ascertain whether SACA interacts with the media, which may in turn 

be related to their dissolution behaviour.

5.2.2 Materials

SACA (BN:UOPW 2613) was obtained from Glaxo Operations, Ulverston, Cumbria 

and used as received, further information is listed in Section 2.2. The following 

buffers were used in this study: Sorensens pH 8.0, 7.0 and 5.9, citrate-phosphate pH 

7.0, borate pH 7.0 and phosphate mixed pH 7.0. Phosphate mixed was also prepared 

with the following sodium molarities: 0.01, 0.05 and 0.1068. Buffers were prepared 

in IL quantities. Information relating to the individual buffer components can be 

found in Section 2.4 and their method of preparation is listed in Section 3.3.1.

5.2.3 Methodology

5.2.3.1 Thermal analysis

High sensitivity differential scanning calorimetry was performed using a heat-flux 

instrument. The Seteram Micro DSC m  (Seteram, Caluire, France) was connected to a 

COMPAQ 486 computer which allowed simultaneous operation and data analysis. 

Temperature accuracy and precision both of ±0.001°C are claimed. The use of a
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thermostated liquid loop allows heating rates of 0.01°C - 1°C min'^ to be performed 

over a temperature range of -20°C - 120°C. In order to avoid steam condensation in 

the calorimetric wall, especially at low temperatures, a constant sweeping of dry 

nitrogen is used for the whole time the instrument is in use.

5.2.3.2 Instrument Calibration

With the Micro DSC HI calibration of the instrument is performed in the companies 

workshops prior to dispatch. The resultant calibration curve is supplied with the 

instrument. The company states that unless the instrument is damaged in some way 

the calibration should hardly vary, however they do recommend that it be checked on 

a yearly basis. The practicalities for carrying out such a calibration and the 

instrumentation required can be found in the commissioning/utilisation manual 

supplied with the instrument.

5.2.3.3 Sample Preparation

The choice of vessel is dependent on the type of sample to be analysed and the 

application which is to be carried out. In this study closed stainless steel ‘batch’ 

vessels were used. This type is generally used with the Micro DSC m  and is designed 

for the analysis of confined solid or liquid samples via temperature scaiming or in 

isothermal mode. Vessels were cleaned using acetone and when necessary they were 

sonicated by being placed into an ultrasonic bath. Once dry the bodies and stoppers 

were weighed to check that they were the same (to the nearest mg) and placed into a 

vessel-holding block. Prior to the introduction of sample the vessel and stopper were 

weighed and then zeroed. Due to the small amount of solid material used it was 

necessary to first weigh it out into an aluminium DSC pan and then transfer the 

appropriate amount into the vessel using a small spatula. Liquid samples were 

introduced using a gilsen pipette. Gloves or pliers were used to handle the vessels at 

all times. Once filled, the top of the vessel was dried using a tissue since any humidity 

can cause a thermal signal linked to water evaporation. The reference vessel was filled 

with an equivalent amount of liquid apart from when a small amount of SACA (4mg) 

was analysed alone in which case it was left empty. A new seal was placed onto the
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stopper which was then screwed into the top of the vessel ensuring that it remained 

vertical throughout.

Prior to introduction into their respective furnaces each vessel was carefully wiped 

with a tissue to remove any external contaminants. The cover of the calorimeter and 

metallic pins were removed then the vessels were inserted using a vessel holding rod. 

After ensuring that both vessels were correctly positioned and on the bottom of the 

calorimeter (a centring snug is machined in the bottom of each vessel to aid this) the 

pins were replaced and the calorimeter closed. During this time a significant thermal 

imbalance is observed, therefore the instrument was left for 10 minutes before 

beginning analysis to allow time for the signal to regain its stability. Automatic data 

analysis was performed by the COMPAQ 486 computer.

5 2.3.4 Temperature Scanning and Sequencing

Samples were heated firom 10°C to 80°C then cooled back down to 10°C. Temperature 

scans were programmed to start and finish at 25°C since this is the approximate 

temperature of the calorimeter and avoids peaks due to heating. In all cases a scanning 

rate of 1°C min'^ was used. This value was chosen as it was the highest scanning 

speed for the instrument, lower values used over the same temperature range would 

have resulted in runs lasting in excess of 24hr which was not deemed practicable. A 

repeated sequence consisting of four of the above cycles was performed on certain 

samples and a single 48hr isothermal scan at 37°C was carried out using a 

combination of SACA and Sorensens pH 7.0.

5.2.4 Results and Discussion

5.2.4.1 High-Sensitivity DSC Data Related to Conventional DSC Data

The differences between high-sensitivity DSC and conventional DSC have previously 

been discussed in this chapter. HSDSC is more usually applied to the analysis of 

liquid samples and as its name implies its high level of sensitivity is related to the low
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scanning rates employed, typically 0.001 - 1°C min'\ In the first part of this chapter 

conventional DSC was used to investigate the thermal behaviour of solid samples 

scanned at a rate of 10°C min'\ In order to relate the results of the earlier studies to 

the HSDSC studies in which different conditions were to be used it was necessary to 

carry out a preliminary run. Although unusual for HSDSC, a solid sample was 

analysed which was of an equivalent weight to that used in the DSC studies and a 

lower scanning rate of 1°C min'^ was used. The resultant HSDSC trace is shown in 

Figure 5.22 and the peak and onset temperatures are compared with those obtained by 

conventional DSC in Table 5.11

Table 5.11 Transition enthalpies for SACA measured by conventional and high-
sensitivity DSC.

Conventional DSC High-Sensitivity DSC
Onset °C Peak°C Onset °C Peak °C

51.38±<0.01 55.84±<0.01 53.27±<0.01 55.26±<0.01

SACA alone shows a single, sharp melting peak at 55.26°C. This, along with the onset 

temperatures, compared well to the values obtained using conventional DSC. 

Therefore, although unusual to analyse this type of sample using HSDSC, good results 

are achieved which are comparable to those obtained using a more conventional 

instrument.
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5.2.4 2 Investigation into Solid to Liquid Ratios with Respect to
Transition Enthalpies

For the first part of this study a run using Sorensens pH 7.0 alone was carried out in 

order to establish whether or not it would have any contribution to the observed 

thermal events. The buffer was scanned at 1°C min'^ between 10 and 80°C. The 

resulting trace is shown in Figure 5.23. It can clearly be seen that the buffer itself 

undergoes no thermal changes and therefore will not contribute to any thermal events 

in future runs.

Having established that a mass of SACA equivalent to that used in the DSC studies 

produced acceptable results it was necessary to determine the volume of liquid that, 

when combined with SACA, would result in a reaction which could be assessed by 

HSDSC. Three solid to liquid ratios were chosen, 4:800mg, 4:250mg and 10:800mg. 

In the third ratio an excess of solid material, a mass which could not by analysed by 

DSC, was used in order to see what effect it would have on the resultant thermal 

properties. The weighs of buffer were chosen by a more arbitrary means. When filling 

the batch vessels it is imperative not to have any liquid trapped in the groves at the top 

since this will cause ambiguous results during the run. When the maximum amount of 

liquid was pipetted into the vessel coming to a level of a few millimetres from the 

bottom of the groves the weight of liquid was approximately 800mg. In the second 

ratio a value of 250mg was used in order to investigate the importance of buffer 

volume in the resultant thermal events. Results from these three runs are shown in 

Figure 5.23 and their thermal properties are listed in Table 5.12.

In all three cases the formation of multiple peaks indicates that an interaction has 

occurred between the solid material and the buffer. In order to differentiate between 

the peaks they will be referred to as I, II and HI as depicted in Figure 5.23. Peak II at 

54-55°C represents the melting point of SACA. In all three cases smaller peaks (I and 

m) are present on either side of this melt peak. This observation will be discussed 

more fully in the next section. Looking at Figure 5.23 two traces are virtually 

identical. Both of these ratios used 4mg of SACA mixed with different volumes of
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buffer. It can be concluded from this that the amount of buffer used has little effect on 

the outcome of thermal events.

Tables. 12 Enthalpy values o f SACA and Sorensens pH  7.0 with respect to solid to

Ratio
Heating Cycle 1°C min'^

I n m
Onset

°C
Melt
°C

Enthalpy
J/g

Onset
°C

Melt
°C

Enthalpy
J/g

Onset
°C

Melt
°C

Enthalpy
J/g

4:800 41.35 44.27 0.0645 52.99 54.76 0.2823 63.51 65.19 0.1515
±0.01 ±* ±* ±* ±0.0 ±0.35 ±* ±* ±0.26

4:250 40.93 43.98 0.2360 52.83 54.56 1.0046 63.22 64.95 0.4426
±0.02 ±* ±0.34 ±* ±0.0 ±0.10 ±* ±* ±0.14

10:800 41.97 43.73 0.1410 53.10 55.06 1.4316 62.87 65.03 0.1804
±* ±0.02 ±0.28 ±* ±0.0 ±0.45 ±* ±* ±0.11

* < 0.01

A noticeable difference is seen for the trace using excess solid material. Again three 

peaks are seen in the same position as before but the area of the peaks, especially peak 

n, are much larger. The large enthalpy change for peak II can be related to the melt of 

a much larger amount of material than in the other two cases. However, it is important 

to note that the melt temperature of the three peaks are the same as before. The 

conclusion drawn from this study over and above the fact that an interaction can be 

detected, is that the weight of buffer used is irrelevant. Again it is important to note 

that the peak temperatures remain the same in all three cases. Leading on from this it 

was decided that further experiments would use 4mg of SACA, since this could be 

related to the previous DSC results, and SOOmg of buffer since, as this weight had no 

effect on the observed peak temperature, greater accuracy of measurement could be 

achieved using a larger mass.

5.2.4.3 Assessment of Standing Time

The final part of the preliminary experiments was to determine the length of standing 

time required before analysis. An isothermal run at 37°C was carried out over a period 

of 48hr and the results are shown in Figure 5.24. This temperature was chosen as it
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Figure 5.25 HSDSC trace for SACA in combination with Sorensens pH 7.0, 8.0, 5.9
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was the same as was used for the dissolution studies. The resultant straight line in 

Figure 5.24 is conclusive evidence that no detectable interaction occurred between the 

two materials when held at this temperature. This was somewhat unexpected since 

high amounts of drug release occurred at this temperature during dissolution, however 

the absence of a stirring mechanism in the thermal studies may explain this fact. 

Therefore, the standing time of the prepared vessel prior to analysis was 

approximately 10 min.

5.2.4 4 SACA Post Dissolution in Sorensens pH 8.0,7.0,5.9 and Distilled
Water

The principle aim of this study was to investigate the HSDSC responses produced by 

SACA combined with several media and in turn to relate this to earlier DSC and 

dissolution studies. Firstly, SACA was combined with Sorensens pH 8.0, 7.0, 5.9 and 

distilled water, the resultant traces are shown in Figure 5.25, and Table 5.13 lists the 

thermal values for each combination.

Table 5.13 Enthalpy values for heating cycle (Sorensens pH  8.0, 7.0 and 5.9).

Media
Heating Cycle 1°C min'^

I n m
Onset

°C
Peak
°C

Enthalpy
J/g

Onset
°C

Peak
°C

Enthalpy
J/g

Onset
°C

Peak
°C

Enthalpy
J/g

Sorensens
pH8.0

37.55
±*

43.10
±0.03

0.1826
±*

52.93
±*

54.63
±*

0.1328
±0.03

62.55
±*

64.60
±*

0.1914
±0.05

Sorensens 
pH 7.0

41.35
±0.01

44.27
±*

0.0645
±*

52.99
±*

54.76
±*

0.282
±0.35

63.51
±*

65.19
±*

0.1515
±0.26

Sorensens 
pH 5.9

53.10
±*

55.04
±*

0.7872
±0.05

Distilled
water

53.38
±*

54.74
±*

0.7844
±0.09

* < 0.01

The systems in distilled water and pH 5.9 buffer show responses which are very 

similar to SACA alone. However, the system in pH 8.0 buffer showed the multiple 

peaks seen in the earlier pH 7.0 study. These results mirror those from the previous 

DSC work. Thermal analysis of SACA which had undergone partial dissolution in pH

8.0 and 7.0 media exhibited a second peak which increased in area and melt 

temperature as the material underwent longer dissolution times. However, material
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which had been exposed to pH 5.9 and distilled water showed no changes irrespective 

of the time spent in contact with the dissolution media. In brief, therefore, there is no 

evidence for any interaction between SACA and pH 5.9 buffer and distilled water. 

However, the HSDSC provides strong evidence that in pH 7.0 and 8.0 media an 

interaction is taking place between SACA and the buffer.

Peak I, which was observed in pH 7.0 and 8.0 buffers, may represent some type of 

pre-transition, was not seen in the earlier DSC studies. Initial runs which were started 

at a temperature <40°C showed no evidence of a pre-transition. Further runs were 

started at 40°C since the main transition was clearly evident and runs could be carried 

out with the absence of sub-ambient accessories. Evidence that this initial peak is 

indeed present as a pre-transition is strengthened by work carried out previously by 

GlaxoWellcome (unpublished data). SACA and a small amount of buffer were sealed 

into a hemetic pan and heated using a conventional instrument. A peak was observed 

using particular buffers in the same temperature region as seen with this work. A 

suggestion was put forward that this pre-transition involved some re-arrangement of 

the molecule but no further evidence for this was given. In this study and the earlier 

one by GlaxoWellcome the peak temperature of this transition was of poor 

reproducibility.

The presence of multiple peaks in particular media raises the question of whether 

there is a relationship between the interaction detected using HSDSC and the drug 

release characteristics. The dissolution studies investigated the levels of drug release 

in several media. The following table shows the percentage drug release in media 

which are of importance to this present study.

Table 5.14 Percentage drug release at 30 and 60 minutes in all media.

Time
minutes

Percentage crug release %
Sorensens 

pH 8.0
Sorensens 

pH 7.0
Sorensens 

pH 5.9
Distilled

water
30 79.19±2.19 70.94+2.14 15.7410.31 17.3711.16
60 77.81+1.26 77.91+2.10 23.1511.79 21.2411.44
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The levels of drug release are clearly greater for the pH 7.0 and 8.0 buffers than for 

the pH 5.9 buffer and distilled water. There therefore appears to be a correlation 

between the thermal and dissolution behaviour of these systems. It is possible 

therefore that this behaviour may be used as a predictive measure in providing a quick 

assessment of whether or not a new composition of stearic acid or some other material 

will produce adequate drug release when used to manufacture similar systems.

In order to investigate the effects of repeated heating and cooling on the thermal 

properties of the materials, SACA alone and in combination with the previous media 

was heated and cooled at 1°C min'^ for four consecutive cycles. The results are shown 

individually in Figures 5.26 to 5.30 and the melt and re-crystallisation temperatures 

are listed in Tables 5.15 io 5.17.

Table 5.15. Melt and re-crystallisation temperatures o f SACA alone and in 
combination with Sorensens pH  5.9 and distilled water when heated for four 

consecutive cycles at FC m in \

Me t temperature °C Re-crystal isation temperature °C
Cycle SACA

alone
Distilled

water
Sorensens 

pH 5.9
SACA
alone

Distilled
water

Sorensens 
pH 5.9

i s t 55.24 54.88 55.00 52.89 52.05 51.22
2 nd 54.76 55.12 55.12 52.89 52.06 50.87
grd 54.76 55.11 55.23 53.01 52.06 50.99
4* 54.75 55.11 55.23 53.01 51.95 51.00

Table 5.16. Melt temperatures o f SACA in combination with Sorensens pH  7.0 and 8.0 
when heatedfor four consecutive cycles at 1°C min^.

Cycle
Melt temperature °C

I la I Ia
pH 7.0 pH 8.0 pH 7.0 pH 8.0 pH 7.0 pH 8.0 pH 7.0 pH 8.0

ist 44.07 41.58 54.76 54.53 65.21 64.62
2 nd 41.93 40.86 65.33 4.62
3rd 41.93 40.15 65.33 64.26
4 th 41.81 39.91 65.32 64.13
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Table5.17 Re-crystallisation temperatures o f SACA in combination with Sorensens pH  
7.0 and 8.0 when heatedfor four consecutive cycles at 1°C min^.

Cycle
Re-crystallisation temperature °C

r E
pH 7.0 pH 8.0 pH 7.0 pH 8.0

ist 62.86 62.74 26.66 27.13
2 nd 63.57 62.62 25.59 24.76
3rd 63.58 62.51 25.83 23.46
4 th 63.58 62.39 26.08 2 2 .8 8

Figures 5.26 to 2.28 show no changes occurring to the peak temperatures throughout 

the four successive cycles which is not surprising since no new material has been 

formed. This experiment shows that the material does not decompose over the 

temperature range selected.

A more interesting set of results are observed in Figures 5.29 and 5.30. Looking at the 

first heating cycle in Figure 5.29 three peaks are observed. This is what was expected 

from observations made in earlier runs. However, looking at the second heating cycle 

only two peaks are observed. It is interesting to note that the peak U, which 

represented the melting peak of SACA, has disappeared and the lower of the two 

peaks is approximately 42°C, the position where the pre-transition was observed on 

the first cycle. The absence of peak II in successive cycles is a strong indication that 

the original SACA has undergone a complete change into a new material. In fact, two 

new materials would appear to have formed, with the first melting at 65°C which is 

present on the first heat and for subsequent cycles and a second material which is 

present from the second cycle onwards and melts at 42°C. The same effect is observed 

using Sorensens pH 8.0. This provides further evidence for an interaction occurring 

between SACA and particular dissolution media.
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5 2.4.5 Thermal Analysis of Raw Materials Combined with Sorensens
pH 7.0

As mentioned earlier, this technique may be used to screen raw materials used in the 

production of these systems in order to predict whether or not they will produce an 

adequate drug release from the final product. As the earlier part of this study has been 

solely concerned with the examination of the interaction of media with SACA this 

small section looks at the interaction of three raw materials, stearic acid 

manufacturing grade, stearic acid pure grade and palmitic acid pure grade when 

combined with Sorensens pH 7.0. The HSDSC traces are shown in Figure 5.31.

Single peaks representing a melting transition are seen for the pure grades of stearic 

and palmitic acid. The temperature of this transition reflects published data 

(Unichema, 1992) and again correlates with values obtained by DSC. A more 

interesting trace is obtained using the manufacturing grade of stearic acid where 

multiple peaks are again observed, a pre-transition at 45.14°C, melt at 55.59°C and 

second melt at 65.20°C. This was not unexpected since it is the material which is used 

in the manufacture of SACA. The formation of multiple peaks must be due to the 

composition of the manufacturing grade material as opposed to the sole presence of 

pure material..

5.2 4.6 Thermal Analysis of SACA Combined with Phosphate Mixed
Buffer of Differing Sodium Molarities

In order to make further comparisons with the earlier DSC and dissolution studies, 

HSDSC was used to investigate the interactions between SACA and different sodium 

molarities of phosphate buffer, 0.007, 0.01, 0.05 and 0.1068M. The dissolution studies 

had shown that different levels of drug release could be obtained by adjusting the 

sodium molarity of the buffer. The DSC studies had also shown small thermal 

differences to be present in SACA which had been exposed to the four media. In all 

cases the observed changes were much more subtle than those observed with different 

pHs of Sorensens buffer. The HSDSC traces for SACA combined with all four media 

are shown in Figure 5.32 and the respective thermal values are listed in Table 5.18.
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Figure 5.32 HSDSC response for SAC A heated with phosphate mixed buffer (four
different sodium molarities).
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Table 5.18 Thermal enthalpies o f SAC A after part dissolution in phosphate mixed 
buffer o f different sodium molarities.

Molarity
Heating Cycle 1°C min'^

I n m
Onset

°C
Peak
°C

Enthalpy
J/g

Onset
°C

Peak
°C

Enthalpy
J/g

Onset
°C

Peak
°C

Enthalpy
J/g

0.0070 53.07
±*

55.02
±*

0.6054
±0.03

0.0100 53.14
±*

55.09
±*

0.6319
±0.06

0.0500 53.22
±*

54.92
±*

0.5715
±0.04

62.54
±0.01

66.25
±*

0.0259
±*

0.1068 41.07
±0.04

44.09
±*

0.0407
±0.03

53.06
±*

54.92
±*

0.5316
±1.05

62.32
±0.02

65.31
±*

0.0313
±0.32

* < 0.01

At approximately 43°C a small peak was observed on the 0.1068M trace which was 

present in every run. This would appear to be the previously observed pre-transition. 

The main peak in all four cases represented the melting point of SACA. The traces for 

0.05 and 0.1068M both showed what appeared to be a small melt peak occurring in 

the region of 55-66°C, which was present in all repeats. There was no second peak for 

the 0.01 and 0.007M media. As in the case of Sorensens pH 7.0 and 8.0, the presence 

of this second peak indicates that some type of reaction has occurred between SACA 

and the dissolution media. Table 5.19 shows the percentage drug release attained in 

the four media after 30 and 60 minutes.

Table5.19 Drug release for phosphate mixed buffer o f different molarities.

Time Percentage crug release %
minutes 0.0070M O.OIOOM 0.0500M 0.1068M

30 17.95±0.23 37.31±1.33 67.19±3.47 40.92±1.21
60 29.56±0.26 48.89±1.93 78.53±2.54 55.30±1.32

Again it is seen that, for the media in which the second peak is present, higher levels 

of drug release were attained. This provides further evidence for the use of HSDSC as 

a predictive tool in predicting the percentage drug release of a particular system.
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5.2.5 Conclusions

Using one composition of SACA and several different media, this study has shown 

that the drug release and thermal properties of the system can be related. Using media 

such as Sorensens pH 7.0 and 8.0 in which high levels of drug release were obtained, 

multiple peaks were observed on the HSDSC trace. These consisted of a pre-transition 

around 40°C, the SACA melt at approximately 54-55°C and a second melt peak at 

65°C. This second peak is the same as was observed in the earlier DSC studies and 

indicates that an interaction has occurred between SACA and the dissolution media 

producing a new material. Further evidence for the formation of this second material 

was obtained from HSDSC traces showing repeated cycling of the systems. In the case 

of Sorensens pH 7.0, three peaks were observed on the first heat, the larger second 

peak representing the melt of SACA. However, for successive cycles this peak was 

absent which is conclusive evidence that SACA has been converted into another 

material. Only two peaks were observed on these cycles, one at 65°C which was 

observed on the first cycle, and a second around 40°C which was present from the 

second cycle onwards. Analysis of systems using media in which a much lower drug 

release was obtained (e.g. Sorensens pH 5.9 and distilled water) showed only a single 

peak which represented the melting point of SACA, and did not exhibit any changes 

on repeated cycles. Looking at phosphate mixed buffer, in which the sodium content 

had been increased, evidence of a second peak was observed at 0.1068 and 0.05M. 

When comparing the raw materials this multiple peak effect was only seen with the 

manufacturing grade stearic acid not its pure grade or palmitic acid. Therefore, it is the 

particular composition of stearic acid which is important for the occurrence of this 

interaction.

In order to form a hypothesis to describe the thermal findings the components of the 

system, and the way in which they may react, must be taken into consideration. One 

possibility was that sodium ions from the buffer were reacting with the stearic acid to 

form sodium stearate. To verify this a sample of sodium stearate was analysed using

conventional DSC. The resulting trace was greatly different to those obtained from the
1

thermal studies therefore disproving this particular theory. The occurrence of acid- 

soaps has already been mentioned earlier within this piece of work. Again looking at

/See Figure 1.13 for DTA trace of sodium stearate
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the components contained within these systems the observed results may describe the 

formation of acid-soaps. A third possibility is that the fatty acid composition of stearic 

acid is changing due to some of the minor fatty acids leaching out. This could explain 

the increased melt temperature of the new material.

In summary, both parts to this study have shown that the thermal properties of SACA 

change during dissolution in particular buffers. In general, these buffers produce 

higher levels of drug release and surface changes are also apparent. From the HSDSC 

study it can be concluded that this technique has the potential to be used as a simple 

predictive test in determining the level of drug release from SACA.
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6. Further Analytical Studies

On dissolution in particular media SACA has been seen to undergo surface and thermal 

changes. These in turn have been related to the level of drug release from within these 

systems. Studies in this final experimental chapter were carried out to try and establish 

the nature of this second material which appeared to be present in certain cases. Since the 

sodium content of the media was seen to have an effect on drug release flame emission 

spectroscopy was first used to establish any changes with respect to the sodium content of 

SACA. Secondly X-ray diffraction studies were carried out to examine the crystal 

structure of the material and finally gas chromatography was used in an attempt to 

determine whether or not the fatty acid content was altered during dissolution.

6.1 Flame Emission Spectrometry (FES)

6.1.1 Introduction

Spectroscopy is the measurement and interpretation of electromagnetic radiation 

absorbed, scattered, or emitted by atoms, molecules, or other chemical species. This 

absorption or emission is associated with changes in the energy states of the interacting 

chemical species, and since each has characteristic energy states, spectroscopy can be 

used for the purpose of identification.

6.1.1.1 Nature of Electromagnetic Radiation

An electromagnetic wave is comprised of an electrical and a magnetic component which 

are at right angles to each other. For most applications of spectroscopy for chemical 

analysis electromagnetic radiation is considered to be an electromagnetic wave travelling 

at the speed of light. However in some cases the properties of electromagnetic radiation 

are better described by considering the radiation as discrete particles of energy (photons) 

that also travel at the speed of light. The wavelength of the radiation, X, can be visualised
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as the distance between the maximum of either the electrical or magnetic components of 

the wave. Frequency, v is associated with wavelength and is the number of waves that 

pass a fixed point in a unit of time. When a photon passes a particular area of space the 

electric field in that region oscillates with the fi-equency v. Frequency and wavelength are 

related to the energy of the photon, E by Planck’s constant, h (6.62 x lO’̂ ' Ĵsec), and c, the 

velocity of light in a vacuum (3.00 x lO^msec'*).

E = hv = hc / X Equation 6.1

Frequency is the only true characteristic of a particular type of radiation. As radiation 

passes through matter its velocity is less than c due to interactions between the electrical 

vector and the bound electrons of the medium. The index of refiraction of a medium, r\ is 

the ratio of the speed of light in a vacuum to the speed of light in the medium and is also 

a fimction of wavelength (Willard, 1988). When radiation of a particular wavelength 

enters matter its velocity will decrease but its frequency remains the same. However, in 

the ultraviolet, visible and infi-ared regions of the spectrum the velocity of radiation in air 

is within 0.1% of that in a vacuum therefore Equation 6.1 can be used to interrelate 

wavelength and fi*equency. Wavenumbers may be used instead of firequency. They are 

proportional to frequency and express the number of waves per centimetre.

A beam of radiation may be described as monochromatic, polychromatic, plane or 

polarised. A monochromatic beam carries radiation with a very small wavelength spread 

approximately one discrete wavelength while a polychromatic beam contains radiation 

consisting of several wavelengths. A plane polarised beam of radiation is one in which 

the electric vector is confined to a single plane while unpolarised radiation has waves in 

many planes. Polarisation may be produced in several ways e.g. by selective adsorption of 

radiation in specific planes as the radiation passes through certain substances. When two 

waves combine they will produce constructive or destructive interference the latter occurs 

when waves are 180° out of phase with each other. Waves which are in phase would
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constructively interfere to produce a wave which has twice the amplitude of the 

individual waves.

As it is impossible to measure the amplitude of a wave due to detector limitations, the 

term radiant power, P, is used. It is proportional to the square of the amplitude and can be 

defined as the amount of energy transmitted in the form of electromagnetic radiation per 

unit time, it is described by Equation 6.2,

P = P^=  Equation 6.2

where E is the energy of a photon and (j> is the photon flux, i.e. the number of photons per 

unit time (Willard, 1988).

6.1.1.2 Principles of Flame Emission Spectroscopy

The absorption and emission of radient energy by atoms provides analytical tools for 

quantitative and qualitative analysis. FES was developed in the early 1900s and followed 

by atomic absorption spectroscopy (AAS). Two major limitations apply to all atomic 

spectroscopic methods. The first is their limited ability to distinguish among oxidation 

states and the chemical environments of the analyte elements, and the second is their 

insensitivity to non-metallic elements. This second limitation has to some extent been 

overcome for selected non-metals by modifying the optical components to extend the 

range of useful wavelengths further into the ultraviolet region.

In FES the sample solution is nebulised prior to introduction into the flame where it is 

desolvated, vaporised and atomised. Atoms and molecules are raised to excited states via 

thermal collisions with the constituents of the partly burned flame gases. When returning 

to a lower or ground state the excited atoms and molecules emit radiation characteristic 

for the sample components. This emitted radiation is then passed through a 

monochromator that isolates the specific wavelength for the desired analysis. A
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photodetector then measures the radient power of the selected radiation, which is then 

amplified and sent to a recording device (Pickett and Koirtyohann, 1969).

The radient power of the spectral emission line that appears at frequency v, Py is 

determined by the number of atoms that simultaneously undergo the spectral transition 

associated with the emission line and is given by the expression, (Willard, 1988)

Pv = V.At. h.v.No.gu-e^^^ / B(T) Equation 6.3

where V is the flame volume viewed by the detector. At the number of transitions each 

excited atom undergoes per second. No is the number of free analyte atoms present in the 

electronic ground state per unit volume, gu is the statistical weight of the excited atomic 

state, k is the Boltzman constant, T is the absolute temperature, B(T) is the partition 

function of the atom over all states, and E is the energy of the excited state. Equation 6.5 

clearly shows that the higher the flame temperature, the greater the number of atoms in 

the excited state.

In order to convert analytes in solution to atoms in a vapour phase freed of their chemical 

surroundings a combustion flame is used. The free atoms are then transferred into excited 

electronic states by adsorption of additional thermal energy from the flame. In FES the 

energy from the flame also supplies the energy necessary to move the electrons of the free 

atoms from the ground state to excited states. It is then the intensity of radiation emitted 

by the excited atoms as they return to the ground state which provides the basis for 

detection.

6.1.1.3 Instrumentation for Flame Emission Spectroscopy

The first requirement for FES is that the analyte be dissolved in order to undergo 

nébulisation. This is an important stage since there must be an awareness of substances 

which might interfere with the emission measurement. If these are present in the sample
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they must be removed or masked. Reagents used to dissolve the sample must not produce 

any interference and the container in which the dissolved sample is held must not leach 

any interfering substances into the solution. The way in which the sample is introduced 

into the flame is important in ensuring accuracy of analysis. The most popular method is 

to nebulize the liquid sample in order to provide a steady flow of aerosol into the flame. 

A nebulizer first breaks the liquid up into small droplets then a aerosol modifier removes 

larger droplets from the stream, allowing smaller droplets of a certain size to pass and 

finally a flame or atomiser converts the analytes into free atoms.

Pneumatic nébulisation is one of the most common techniques used in atomic 

spectroscopy. The sample solution is passed through an orifice into a high-velocity gas 

jet, usually the oxidant. Liquid is drawn through the sample capillary by the pressure 

differential generated by the high-velocity gas stream passing over the sample orifice. As 

the liquid stream begins to oscillate it produces filaments which collapse to form a cloud 

of droplets in the aerosol modifier or spray chamber. Within the spray chamber the large 

droplets are removed from the sample stream or broken up into smaller droplets. This 

final aerosol is then combined with the oxidiser/fuel mix and carried into the burner 

{Figure 6.7).

Figure 6.2 depicts the steps involved in converting a metallic element M from a dissolved 

salt MX in the sample solution to free M atoms in the flame. After the aerosol droplets 

containing MX enter the flame, the solvent is evaporated, leaving small particles of dry, 

solid MX. Then solid MX is converted to MX vapour before a portion of the MX 

molecules are dissociated to give neutral free atoms. It is these M atoms which are the 

species that are the potential emitting species in FES. If the series of events in Figure 6.2 

proceed vertically from the top down the efficiency of free-atom production is high. Any 

process which branches horizontally interferes with the production of free analyte atoms.
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These may include the excitation and emission of radiation by MX(g) molecules, and 

reaction of M(g) atoms with the flame components at high temperature, producing 

molecules and ions that adsorb and emit radiation. The flame has remained in general the 

most useful atomiser for spectroscopy. The maximum operating temperature of the flame 

is determined by the identity of the fuel and the oxidant, whereas the exact flame 

temperature is fixed by the fuel/oxidant ratio.

6.1.1.4 Applications of Flame Emission Spectroscopy

The main application of FES is in the determination of trace metals, especially in liquid 

samples. It is a simple inexpensive technique for detecting common alkali metals as well 

as several transition metals such as Fe, Mn, and Cu. The technique has also been 

extended to include several non-metals, H, B, C, N, P, As, O, S, Se, Te, halogens and 

noble-gases. FES detectors for P and S are commercially available for use in gas 

chromatography. FES has further applications in agricultural and environmental analysis, 

industrial analysis of ferrous metals and alloys as well as glasses and ceramic materials, 

and clinical analysis of body fluids.

6.1.1.5 Objectives of Flame Emission Spectroscopy

The principle objective of the FES study was to try and establish the nature of the new 

material which was formed after dissolution in certain media. The presence of this 

material, which melted at a higher temperature than SACA, was confirmed by both DSC 

and HSDSC. Since sodium had been shown to influence the amount of drug released 

from these systems, FES was used to establish the amount of sodium which had reacted 

with SACA after being subjected to a range of dissolution media.
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6.1.2 Materials

SACA which had undergone part dissolution in various media were analysed. As 

explained in section 4.3.2 material was removed at set times during a dissolution run and 

either washed with distilled water or suspended in the dissolution media prior to being 

dried to constant weight.

6.1.3 Methodology

6.1.3.1 Sodium Analysis by Flame Emission Spectroscopy

Analysis was carried out using a Perkin Elmer PE-280 Spectrophotometer (Beaconsfield, 

UK). An air-acetylene flame was used as it is the most suitable for sodium analysis. Once 

lit the machine was aspirated with water or sample solutions at all times. The water used 

throughout this study was obtained from a UHQ filtration device which provides water of 

an ultrapure quality of which the sodium content was found to be negligible. It will be 

referred to as ‘distilled water’ for the following discussion.

The time constant of the instrument i.e. the time over which each reading was taken was 

set to three seconds and the wavelength adjust was then approximately set to 589.0. 

Water was aspirated, a reading was taken and the instrument was zeroed. Next the stock 

solution of sodium was aspirated, and the wavelength control slowly adjusted in order to 

give a maximum deflection on the lamp/energy meter in order to set the correct 

wavelength. While still aspirating the stock solution the horizontal position of the burner 

was adjusted to give a maximum deflection on the meter. This ensured that the burner 

was correctly positioned with respect to the monochromator entrance slit. The instrument 

was then zeroed using distilled water. The strongest of the calibration standards, Ippm 

was aspirated and the gain adjusted to give a reading of approximately 40 on the 

lamp/energy meter. Once the analysis was completed water was aspirated for 60 seconds 

to clean the burner then the capillary was removed from the water.
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6.1.3.2 Preparation of Calibration Standards and Spectrophotometer
Calibration

Five calibration standards were prepared from a lOOppm stock solution of sodium. All 

glassware was thoroughly washed with distilled water to remove any contaminants which 

might interfere with the analysis. Appropriate volumes of stock solution were pipetted 

into 100ml volumetric flasks and made up to volume using distilled water to give 

solutions of 0.2, 0.4, 0.6, 0.8, and 1.0 ppm sodium. Each solution was inverted several 

times to ensure adequate mixing.

After an appropriate warm up time and adjustment of wavelength (see section 6.1.3.1) the 

calibration standards were analysed using the spectrophotometer. The machine was first 

zeroed using distilled water. The Ippm stock solution was then aspirated and after a few 

seconds a reading was taken. These steps were repeated until consistent readings were 

obtained (±2%). After aspirating each solution the capillary was wiped with a tissue 

before immersing it in water so as to prevent contamination of the blank. Once a steady 

value had been obtained for the Ippm solution triplicate readings were taken for the other 

calibration standards zeroing the machine using distilled water between each one. A mean 

reading was calculated for each calibration standard and a calibration graph of emission 

intensity against sodium concentration was then plotted using a computer graphics 

package (Excel version 7.0) (Figure 6.3). This graph was then used to convert emission 

intensity values for the unknown solutions into percentage sodium contents.
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Figure 6.3 Calibration graph fo r sodium standards.

6.1.3.3 Analysis of Glass and Plastic Vials for Sample Storage

Due to the number o f samples investigated it was necessary to store aliquots in small 

sample vials as opposed to retaining the solutions in volumetric flasks. Two types of 

vial were available, glass with plastic stoppers and plastic with plastic lids. When 

possible sample analysis was carried out immediately after preparation, but again due 

to the number o f samples, solutions were at times left standing for one or two hours in 

their final containers. Due to this fact is was necessary to ensure that the material o f  

the containers did not leach sodium into the solutions leading to ambiguous results.

Six o f each type o f vial were filled with distilled water and left to stand for several 

hours. Of each type three had been washed with distilled water and three had also been 

rinsed with hydrochloric acid. After standing, the sodium content o f the water in each 

vial was measured, distilled water was used to zero the instrument (see section 

6.1.3.1).
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6.1.3.4 Preparation of Inorganic Material

To establish the sodium content of the material using FES it was necessary for the sodium 

to be in a water soluble form. This was achieved by using a well established method in 

which complete combustion of the organic material was carried out in the presence of air 

to leave the inorganic residue.

All apparatus which was to be used in this initial preparation stage was flamed in order to 

remove any contaminants. Material was accurately weighed into a crucible, 1 - lOmg 

were used depending upon the availability of the sample, then the crucible was placed on 

a metal tripod. Using a low bunsen flame the crucible was gently heated from below until 

the material became black and charred. Heating was continued for a further 4 - 5  min. 

until the material became colourless. During this time the organic matter was totally 

combusted leaving sodium carbonate as the residue.

Heat
Organic material -> NaiCOg + CO2

Using a gilsen pipette 1ml of HCl was added to the crucible to dissolve the residue.

NazCOs + 2HC1 ^  2NaCl + H2O + CO2

The crucible was placed into a glass beaker and the material allowed to react. Once the 

reaction was complete (2min standard reaction time) the contents of the crucible were 

transferred to a 100ml volumetric flask. The crucible was then thoroughly washed out 

with distilled water and all washings transferred into the volumetric flask. Finally the 

flask was made up to volume with distilled water and inverted several times to ensure 

adequate mixing of the solution. Solutions were stored in small, plastic vials (see section

6.1.4.1 for vial type analysis).
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6.1.4 Results and Discussion

6.1.4.1 Analysis of glass and plastic vials

The emission intensities of the distilled water stored in each of the twelve vials were

measured and the mean values along with coefficients of variation are recorded in Table

6.1. It can clearly be seen that the glass vial contributes significantly to the sodium 

content of the water. This contribution is decreased when acid is used in the cleaning 

process but a high level of sodium is still present.

Table 6.1 Emission intensities o f distilled water stored in glass and plastic vials.

Container and treatment ppm
Glass 1.15±0.12

Glass/acid 0.3710.15
Plastic 0.04K0.01

Plastic/acid O.OIKO.OI

After storing the water in plastic containers the sodium level is much lower. In both cases 

washing the containers with acid decreases the sodium level. Finally the repeatability of 

readings from plastic vessels is greater than those from glass, therefore the storage of 

samples for analysis in the main part of the study will be in plastic vials which had 

initially been rinsed with hydrochloric acid. Even though this sodium level was small it 

was still subtracted from the readings of the unknown samples.

6.1.4.2 Analysis of Samples after a Period of Dissolution in Various Media

Tables 6.2 to 6.4 record the percentage sodium content of SACA after being removed 

from a dissolution run after 10 and 60 minutes in a selection of buffers. The mean value 

of three separate samples is recorded along with the coefficient of variation. In all cases 

the coefficient of variation is less than one indicating that good reproducibility was 

obtained throughout sample preparation and analysis. Looking first at Table 6.2 a. slight
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increase in the amount of sodium is observed for washed SACA when contact times with 

the buffers are increased from 10 to 60 minutes. Of the three pHs the acidic buffer shows 

the lowest sodium content, after 60 minutes it is still less than 0.3%. This last observation 

reflects earlier findings from SEM and thermal studies i.e. no significant surface changes 

occur and there is no evidence of a second melt peak. With respect to Sorensens pH 7.0 

and 8.0 surface changes were observed and a second melt peak was present.

Table 6.2 Percentage sodium content o f samples undergoing dissolution in Sorensens pH
8.0, 7.0 and 5.9.

Buffer (Na"̂  molarity) 10 minutes 60 minutes
Washed Unwashed Washed Unwashed

Sorensens pH 8.0 (0.1300) 1.39+0.23 6.36+0.05 1.64+0.17 15.72+0.07
Sorensens pH 7.0 (0.1068) 0.17+0.24 8.32+0.11 1.19+0.30 11.62+0.05
Sorensens pH 5.9 (0.0737) 0.08+0.38 1.50+0.05 0.25+0.36 1.14+0.93

In all three cases the amount of sodium retained increases when SACA was left 

suspended in the media during the drying process. This increase is significant in the case 

of the neutral and alkali media. A possible explanation for this is that due to the material 

being suspended in the media during the drying process sodium has dried onto the outside 

of the material. However if this were to be the case then the amount of sodium contained 

in material from the acidic medium should be similar. As can be seen from Table 6.2 this 

is not the case as the amount of sodium detected with respect to the acidic buffer is less 

than 2%. A further possibility is that sodium has entered the cracks which have appeared 

on the surface of the spheres. Since the surface morphology did not change in the acidic 

media the recorded sodium content would be expected to be lower. It would appear that, 

albeit a small amount, sodium does indeed react with the stearic acid and it is a time and 

pH dependent effect. Table 6.2 also shows the relative sodium molarities for each of the 

three buffers. These can not be directly related to the amount of sodium contained within 

SACA i.e. Sorensens pH 7.0 contains 45% more sodium then Sorensens pH 5.9 but 

SACA having undergone 60 min dissolution in the former contains 376% more sodium 

than if dissolution was carried out in the latter media. This illustrates that if an interaction
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is taking place between stearic acid and sodium, it is subject to certain conditions e.g. pH, 

but is not governed by the amount of sodium within the media.

Looking next at Table 6.3, with the exception of citrate-phosphate, sodium levels do not 

rise above 0.5% using four media. In the case of citrate-phosphate, 60 minutes of 

dissolution has increased the sodium content to just over 1%. Referring back to the SEM 

studies of these four media it was citrate-phosphate which produced the more pronounced 

surface changes, these changes were said to be negligible for the other three media. 

Looking at the sodium molarity of each buffer, citrate-phosphate is the highest, however 

this increased level of sodium is not reflected in the final percentage for SACA with 

respect to the other two buffers. This part of the study would indicate, as was seen with 

the dissolution studies, that composition along with pH are both important factors for the 

current observations.

Table 6.3 Percentage sodium content o f samples undergoing dissolution in citrate- 
phosphate, borate and phosphate mixed buffers all at pH  7.0 and distilled water.

Buffer molarity) 10 minutes 60 minutes
Washed Washed

Citrate-Phosphate pH 7.0 (0.3295) 0.75±0.21 1.15+0.12
Borate pH 7.0 (0.0060) 0.19+0.04 0.30+0.04

Phosphate mixed pH 7.0 (0.0070) 0.14+0.01 0.17+0.05
Distilled Water 0.07+0.03 0.25+0.05

Table 6.4 shows the amount of sodium contained in SACA after dissolution in phosphate 

mixed buffer of differing molarities, in all cases a small increase is seen after 60 min 

dissolution. For the 0.1068M media the amount of sodium is less than in Sorensens pH 

7.0, although both are of the same molarity. For the l.OM media the sodium contained in 

SACA after 60 min is significantly less than Sorensens pH 7.0 and 8.0 and citrate- 

phosphate buffers which contain a much lower amount of sodium. This illustrates that the 

amount of sodium detected within the material is not proportional to the amount of 

sodium contained within the dissolution media.
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Table 6.4 Percentage sodium content o f samples undergoing dissolution in phosphate 
mixed buffer (Na'  ̂molarity = 0.007, 0.01, 0.05, 0.1068, 0.15, 0.2, 1.0) pH  7.0.

Buffer 
Phosphate mixed

10 minutes 60 minutes
Washed Washed

0.0070M 0.14±0.01 0.17+0.05
O.OIOOM 0.10±0.05 0.15+0.02
0.0500M 0.24+0.0 0.67+0.12
0.1068M 0.31+0.03 0.34+0.01
0.1500M 0.34+0.03 0.5610.07
0.2000M 0.35±0.05 0.60+0.03
l.OOOOM 0.25±0.0 0.29+0.0

6.1.5 Conclusions

In all cases the sodium content of SACA increases with increased time spent in contact 

with the dissolution media. The biggest changes were observed with citrate-phosphate, 

Sorensens pH 8.0 and 7.0. These media did contain larger levels of sodium, however 

increased amounts does not necessarily result in more becoming attached to SACA as 

was shown by the phosphate mixed 1 .OM sample. When SACA was left suspended in 

Sorensens pH 8.0 and 7.0 a much higher percentage of sodium was recorded and was 

again seen to be time dependent. It is possible that this increase may be due to sodium 

from the buffer adhering to SACA during the drying process but is unlikely since the 

same effect was not observed using the acidic media. It can be concluded from these 

studies that under particular conditions i.e. neutral or alkali pH and in the presence of an 

adequate amount of sodium, a reaction occurs between SACA and sodium. Since the 

amount of sodium attached is small, 1.64 and 1.19% (0.20 and 0.15mole%) for Sorensens 

pH 8.0 and 7.0 respectively, this may not explain the presence of the second jmelt peak 

observed during the thermal studies, but it may in have some involvement with drug 

release, since release is higher in these two buffers.
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6.2 X-Ray Powder Diffractometry

XRD was carried out to assess the crystal properties of SACA pre- and post- dissolution 

in order to determine whether or not the dissolution process had had any effect on the 

crystalline nature of the material. The raw materials used in the manufacture of SACA 

were also examined.

6.2.1 Introduction

X-ray powder diffractometry is a technique used in the identification of compounds by 

their diffraction patterns. Every crystal form of a compound produces its own 

characteristic pattern which can be derived either from a single crystal or from a 

powdered sample. Powder diffraction techniques are most commonly employed for 

routine identification and for the determination of the relative purity of crystalline 

materials while single-crystal diffraction is used to determine molecular weights. In the 

past structure analysis was mainly by the single crystal method however powder methods 

are now widely used within this field (David et al, 1988); Shankland, 1997a,b,1988). The 

powder methods have an advantage over other means of analysis since in general they are 

nondestructive in nature i.e. specimen preparation is usually limited to grinding to ensure 

a randomly orientated sample and detrimental effects of X-rays on solid pharmaceutical 

compounds are not commonly encountered.

Solids may be classed as crystalline, noncrystalline, or a mixture of the two. In crystalline 

material molecular or atomic species are ordered in a three-dimensional lattice. This 

ordering is lacking in non-crystalline materials. When repetitive order is absent in all 

three dimensions materials are referred to as glasses or amorphous solids. When order 

exists in only two-dimensions it is known as a mesomorphic phase or liquid crystal. 

Crystalline materials give sharply defined diffraction patterns while non-crystalline 

materials give broad, diffuse maxima due to their relatively random arrangement of
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molecules causing poor scattering of X-rays. This technique is commonly employed to 

differentiate between the different polymorphs and solvates of compounds. This 

application is of importance within the pharmaceutical industry where polymorphs and/or 

solvates may show varying dissolution rates resulting in bioinequivalence of the several 

forms of the drug.

6.2.1.1 Generation and Properties of X-radiation

X-rays are produced by bombarding a metal target with a beam of high energy electrons 

which have been accelerated through a potential difference of several thousand volts. 

Figure 6.4 illustrates the X-ray spectrum produced by a copper anode.
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Figure 6.4 Continuous and characteristic radiation for copper 
(Jenkins and Snyder, 1996).
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The continuous radiation or white radiation forms a broad background to the 

characteristic lines. This type of radiation consists of the X-ray photons which are 

produced when the bombarding electrons decelerate rapidly as they interact with the 

electric fields of the atoms in the anode. Their kinetic energy is converted into one or 

more photons which form the continuous spectrum. For most X-ray dif&action 

applications the white radiation simply appears as background noise. Consequently the 

lowest practical accelerating voltage should always be used since the amount of 

continuous radiation is increased with increasing voltage.

Superimposed on the white radiation spectrum are a series of very intense lines, the 

wavelengths of which are characteristic to copper. These are produced by rearrangements 

of the bound electrons orbiting the atomic nuclei of the target. If sufficient energy is 

transferred from a bombarding electron to a bound electron, the bound electron will be 

ejected from the atom, this leaves a vacancy within the inner orbital which is filled by 

another electron from an outer orbital. Orbital electrons are arranged in discrete shells 

each with its own unique energy level. The inner shells nearest the nucleus are the most 

tightly bound, have the least energy so therefore the most stable. The electron which has 

transferred from the outer shell has too much energy to be stable in its new position the 

excess is emitted in the form of an X-ray photon. This process is the origin of the strong 

characteristic lines.

The X-ray region of the electromagnetic spectrum is usually considered to lie between 0.1 

- 100 A (lA  = lO'^cm), bound by the y-ray region to the short wavelength side and the 

vacuum ultra-violet region to the long wavelength side. The beam may be viewed as a 

wave consisting of a sinusoidal oscillating electric field with, at right angles to it, a 

similarly varying magnetic field or as a particle of energy called a photon. As for all 

electromagnetic radiation X-rays can be characterised according to its frequency and its 

wavelength.
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6.2.1.2 Principles of Diffraction

When a periodic array of objects each scatter radiation coherently, the concerted 

constructive interference at specific angles is called diffraction. Unlike the simple one

dimensional periodicity of a conventional planar diffraction grating a crystal has many 

three-dimensional periodic relationships between the atoms that compose it. This results 

in the diffraction of the monochromatic wave in many directions and the angles of 

diffraction will only depend on the various periodic relationships between the atoms 

making up the crystal. The diffraction phenomena from a crystal can be predicted using 

the Bragg equation,

X = 2dhk]sin0 Equation 6.4

The terms in this equation can be explained by considering Figure 6.5.
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Figure 6.5 Bragg’s law is seen to arise from an optical analogy to crystallogrphic planes 
reflecting X-rays (Jenkins and Snyder, 1996).
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Incident X-radiation is assumed to come in from the left and is reflected from each of the 

planes. It is also assumed that the initial waves are in phase with on another and that the 

waves reflect from each plane in the family. The angle of incidence and the angle of 

reflection are equal, this is a requirement of Snell’s law. The wave reflecting from the 

second plane must travel a distance AB further than the wave reflecting from the top 

plane and the wave reflecting from the third plane a distance of DEF. All waves reflecting 

from the planes below the surface will be phase retarded with respect to the first wave 

causing interference. When the distance ABC is exactly equal to one wavelength (X), the 

distance DEF will equal 2X and the reflection from all planes at any depth in the crystal 

will emerge in phase, producing the constructive interference known as diffraction. The 

Bragg equation can be derived by considering the right triangle OAB. The distance AB 

can be obtained by taking the sine of 0,

AB = dhkisinO

When diffraction occurs ABC = X; thus the Bragg equation results,

X = 2dhkisin0 ion 6.4

6.2.1.3 Objectives of Study

This x-ray diffraction study was carried out in order to characterise the crystal properties 

of the various raw material fatty acids and investigate changes occurring to SACA after 

part dissolution in Sorensens pH 7.0.

6.2.2 Materials

The diffraction properties of lauric, behenic, arachidic, myristic, stearic (manufacturing 

and pure grade) and palmitic acids were investigated. Further information relating to 

these materials may be found in Section 2.3. SACA before and after dissolution in
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Sorensens pH 7.0 was also investigated, further information on SACA can be found in 

Section 2.2 and on Sorensens pH 7.0 in Section 2.4.

6.2.3 Methodology

X-Ray powder diffraction studies were carried out at GlaxoWellcome, Hartford, Kent, 

UK. Samples were analysed using a Philips Analytical X-ray PW1800 instrument 

(Cambridge, UK). With the exception of SACA (post Sorensens pH 7.0) all samples were 

prepared as follows.

First the sample material was ground down using a pestle and mortar in order to increase 

the random orientation and reduce the size of the crystals. This was especially important 

with the fatty acids due to the fact that being composed of large flakes they could not be 

packed into the sample holder in such a way to give a smooth surface for analysis. SACA 

was also treated in this way, even though it was spherical in nature, in order to investigate 

whether the grinding process had any effect on the final diffraction pattern. For the 

second stage the metal top plate of the sample holder was placed upside down onto a 

highly polished metal place, and using a small spatula the hole in the centre of the holder 

was filled with the ground material. At intermittent stages a hand held metal punch was 

used to compact the material. Once the centre of the holder was filled with compacted 

material any excess was removed by scraping a spatula across the surface and the bottom 

part of the holder snapped into place. Using great care the sample holder and metal place 

were inverted and then the plate was gently removed leaving a smooth disk of compacted 

sample.

Due to the limited availability of SACA post Sorensens pH 7.0 the above method was 

modified. The material was still ground but the sample holder was modified by using a 

silicone insert. These inserts are sometimes referred to as ‘zero background plates’, since 

they are specially cut to ensure that they give no surface reflection. A small amount of 

silicone grease was applied to the surface to facilitate the adherence of a fine layer of
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sample material. After preparation the metal surfaces of the sample holders were carefully 

wiped with a tissue to remove any stray particles and then the holders were placed into an 

autosampler loading stage.

6.2.4 Results and Discussion

Figure 6.6 shows the X-ray diffraction pattern of cefuroxime axetil. The absence of any 

sharp diffraction peaks indicate that the material is not crystalline in nature. The 

amorphous nature of the drug substance has also been clarified by DSC analysis {Section 

5.1.4.4 ) in which a broad relaxation endotherm as opposed to a sharp melt peak was 

observed. The amorphous nature of the material has ben discussed in relation to its 

processing conditions in Section 2.1.
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Figure 6.6 Diffiaction pattern for cefuroxime axetil.
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Figures 6.7 to 6.11 illustrate the X-ray diffraction patterns for palmitic acid and the four 

minor fatty acids used in the manufacture of SACA. It can clearly be seen that all five 

samples are crystalline in nature i.e. their diffraction patterns show a number of sharp 

diffraction peaks. A similar diffraction pattern is obtained for each acid, this is due to the 

fact that they all belong to the same homologous series and have the same functional 

groups and similar unit cells. Although the pattern of peaks remains similar for each acid 

the position of individual peaks are not in the exact same positions. As the fatty acid 

increases in size i.e. increased chain length, the d spacing and the volume of the molecule 

increases. As the interfacial spacing becomes greater the angle of diffraction decreases 

therefore the peak is observed towards the lower angle region of the trace.
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Figure 6.7 Diffraction pattern for palmitic acid.
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Figure 6.8 Diffraction pattern for lauric acid.
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Figure 6.9 Diffraction pattern for hehenic acid.
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Figure 6.10 Diffraction pattern for myristic acid.
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Figure 6.11 Diffraction pattern for arachidic acid.
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Figures 6.12 and 6.13 show the diffraction patterns for the two grades of stearic acid, 

pure and manufacturing grade respectively. As expected the diffraction pattern shown in 

Figure 6.12 is similar to that obtained from the previous four acids since the same 

functional group is present. Slight differences are observed for the manufacturing grade 

material. At first glance the material appears less crystalline then the pure grade due to 

broader diffraction peaks and raised background. However, the material in essence is the 

same since the peaks which are present are also observed as main peaks in the other fatty 

acid samples.
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Figure 6.12 Diffraction pattern for stearic acid (pure grade).
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Figure 6.13 Diffraction pattern fo r  stearic acid (manufacturing grade).

Figures 6.14 and 6.15 are of SACA which was analysed both in the ground and unground 

state. Firstly, again as would have been expected, the traces show many similarities to 

that of Figure 6.13. This indicates that the processing conditions for the manufacture of 

SACA do not affect the crystal properties of the material. On closer inspection of the 

ground an unground material no discernible differences are observed thereby indicating 

that grinding the material does not affect its dif&action properties.
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Figure 6.14 Diffraction pattern fo r SACA (unground).
62500

[ c o u n t s ] -

40000-

22500-

1OOO0

2500-

0-L-,

X R G 4 1 6 . R D

Figure 6.15 Diffraction pattern for SACA (ground).
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Figures 6.16 and 6.17 show the diffraction patterns for SACA after 60 minutes 

dissolution in Sorensens pH 7.0. The first is of material which has been washed prior to 

drying and the second, material which had been suspended in the medium during the 

drying process. Both traces are very different when compared to Figure 6.14 which 

suggests that the nature of the material has changed during the dissolution process. There 

are also differences between the two traces themselves indicating that the extended 

presence of buffer has caused a further alteration to the nature of the material.
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Figure 6.16 Diffiaction pattern for SACA post dissolution (washed).
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Figure 6.17 Diffraction pattern for SACA post dissolution (unwashed).

Finally, Figure 6.18 shows the diffraction pattern for Sorensens pH 7.0 alone. A small 

amount of buffer was place into a petri dish and dried in an oven. The diffraction pattern 

from this material is not comparable to any of the other patterns and is composed of a 

large number of thin, sharp peaks which is indicative of inorganic material.
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Figure 6.18 Diffraction pattern for Sorensens pH  7.0.

6.2.5 Conclusions

A common diffraction pattern was observed for all fatty acids. This is due to each sample 

containing the same functional group. The positioning of the peaks was slightly different 

for each sample, as the size of the molecule increased the angle of diffraction decreased. 

This is a direct result of larger interfacial spacing between the molecules. The diffraction 

patterns for the two grades of stearic acid also exhibited similarities. The process whereby 

the manufacturing grade of stearic acid is converted into SACA has no significant effect 

on the crystal properties of the material. Grinding SACA also produced no noticeable 

differences. This study has again shown the drug substance to be an amorphous material. 

The first big differences in the diffraction patterns are seen when SACA has been 

removed after 60 minutes of dissolution in Sorensens pH 7.0 (material was washed prior 

to drying). The pattern obtained does not reflect that of the initial material, however there 

is still evidence of crystallinity. This suggests that the material has undergone some
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change during dissolution. Material which had been suspended in the buffer during the 

drying process exhibited an even more unusual dif&action pattern.

Diffraction patterns for the pure materials were matched to reference patterns on file, 

however a match could not be made regarding SACA post dissolution. It can be 

concluded from this study that the nature of SACA is altered during dissolution in 

Sorensens pH 7.0. It is not possible using X-ray diffraction alone to establish the true 

nature of this new material.

6.3 Preparation of Material for Gas Chromatography

6.3.1 Introduction

Chromatography is a well established analytical technique originally developed by 

M.S.Tswett, a Russian botanist who used it as a technique to separate coloured pigments. 

Many definitions of chromatography have been formulated, however a generalised 

definition was provided by a committee of the International Union of Pure and Applied 

Chemistry stating it to be ‘a method, used primarily for separation of the components of a 

sample, in which the components are distributed between two phases one of which is 

stationary while the other moves. The stationary phase may be a solid, liquid supported 

on a solid, or a gel. The stationary phase may be packed into a column, spread as a layer, 

or distributed as a film. The mobile phase may be gaseous or liquid’ (Robards et al, 

1994). The technique is extremely versatile and can be applied to areas such as chemistry 

and biochemistry, biology, quality control, research, analysis, preparative-scale 

separations and physiochemical measurements. It is frequently used to confirm the 

presence or absence of a compound in a sample by comparing the chromatogram of a 

pure sample with that of the unknown. One difficulty with this is that a chromatogram is 

not unique, since many substances will exhibit the same behaviour under identical 

conditions. With this in mind the technique is best used when coupled with other
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techniques such as spectrometry i.e. GC-mass spectrometry and GC-infrared 

spectrometry. Figure 6.19 illustrates the systems available.

Gas chromatography describes all chromatographic methods in which the mobile phase is 

a gas. It is a well established technique and is used routinely in most industrial and 

academic laboratories due to its capability for high resolution, selectivity and sensitivity. 

The technique may employ either a solid stationary phase (GSC) or a liquid stationary 

phase (GLC) retained on a solid sorbent (packed column) or column wall (open tubular 

column). Of the two types GLC is more often used, up until the advent of HPLC gas 

chromatography was one of the main separation techniques.

In general the sample is introduced into the chromatograph via the sample inlet into a 

continuous flow of mobile phase which, in GC is referred to as the carrier gas. The 

sample is vaporised in the inlet system and transported by the carrier gas to the 

thermostatted column, where separation occurs. The individual components give rise to 

an electrical signal in the detector and after suitable amplification the detector signal is 

conducted to a recording device. Sample components are identified from their 

characteristic retention times.



Figure 6.19 Chromatographic systems (Robards et al, 1994).
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6.3.1.1 Objectives of Study

The objective of this study was to establish the fatty acid content of each sample after 

being subjected to various lengths of dissolution in a range of media.

6.3.2 Materials

As in Section 6.1.2 SACA which had undergone part dissolution in several media were 

analysed.

6.3.3 Methodology

6.3.3.1 Preparation of Reference Solutions

Two reference solutions were prepared by accurately weighing lOOmg ± lOmg of 

authentic samples of stearic and palmitic acid into separate 20ml volumetric flasks. The 

materials were dissolved in unstabilised tetrahydroftiran before being made up to volume.

6.3.3.2 Preparation of Sample Solutions

All sample solutions were prepared in duplicate. Approximately 5 or 10 mg of material

was accurately weighed directly into a glass GC vial. A gilsen pipette was then used to 

add 0.5ml or 1.0ml of unstabilised tetrahydroftiran (5mg/0.5ml, lOmg/l.Oml). Once 

capped the vials were sonicated for two minutes, inverted four times then sonicated for a 

further two minutes.

6.3.4 Results and Discussion

On inspection of the samples after sonication it was found that several had not fully 

dissolved into the unstabilised tetrahydrofuran and a proportion of solid material
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remained suspended. Unfortunately the presence of this undissolved material prevented 

analysis being carried by gas chromatography. However, it is interesting to note that for 

the few samples which did dissolve no second peak or shoulder were observed on thermal 

analysis but for the samples where solid material remained a second peak or shoulder was 

clearly evident.

6.3.5 Conclusions

It was unfortunate that due to the presence of undissolved material in many of the 

samples analysis by gas chromatography was not possible. However the fact that in 

samples where a change was thought to have occurred to the original material leading to a 

second melt peak at a higher temperature the fact that the material did not dissolve 

provides further evidence that a new entity is indeed present.
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7. Conclusions

Cefuroxime axetil is well established in the treatment of a wide range of infections 

and has been successfully marketed as a taste masked oral liquid preparation 

extending its application within the field of paediatric medication. The preparation of 

the intermediate material, SACA, is by a relatively simple spray chilling technique. It 

is hoped that this technology may be utilised to taste mask a wider range of drugs 

formulated as oral dosage forms. Apart from its simplicity, further advantages of this 

methodology include the absence of solvents and relatively low processing 

temperatures. However, the mechanism by which the drug is released from this system 

is uncertain, thereby further information regarding this area must be obtained before 

this technology may be applied to other materials. Establishing such information was 

the overall aim of this study.

Initial dissolution studies were carried out using several media in order to determine 

factors which had an influence on the level of drug release attained. Drug release data 

were also fitted to several models to try and establish a particular mechanism of 

release. SEM was used to observe changes in the surface morphology of the spheres at 

various stages of dissolution while thermal analysis was used to investigate the 

thermal properties of the material. In the final experimental chapter several techniques 

were employed to characterise the material post dissolution.

From the dissolution studies it was found that the pH of the media had a profound 

effect on the dissolution profile of the drug. After 30 minutes levels of 70.94% and 

79.19% were attained using Sorensens pH 7.0 and 8.0 respectively, while only 

15.74% was achieved using the acidic media. Alteration of the proportion and the type 

of salts used for the buffer preparation was also seen to have an affect on the levels of 

drug release obtained. It was interesting to note that the dissolution profile for the drug 

alone was similar in all media. This indicates that the rate limiting step in the release 

process is the presence of the stearic acid. It is possible that stearic acid undergoes 

some type of change in neutral or alkali media which facilitates drug release. Part of 

the process may involve an ionisation step since this would be repressed under acidic
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conditions hence the low percentage drug release. Drug release occurred, albeit at a 

low level, using distilled water as the dissolution media, a media containing no buffer 

salts thereby unlikely to alter the properties of stearic acid. This established that a 

stearic acid/buffer interaction was not required for a basic level of drug release. The 

composition of the dissolution media also exerted an influence on the levels of drug 

release obtained. Several models used to describe drug release form matrix devices 

were discussed within the introduction to Chapter 3. An attempt was made to fit the 

data from these initial dissolution studies to the proposed models. The model 

describing a diffusion mechanism was the only one which showed some correlation to 

the earlier data. Not surprisingly the data which showed an acceptable fit was obtained 

using distilled water and Sorensens 5.9, two media in which stearic acid was unlikely 

to undergo any change, therefore diffusion of the drug from within the material would 

be the primary mechanism of drug release.

For the final part of the dissolution studies the level of sodium ions was investigated 

with respect to drug release. This ion was found to be common to all media but a 

direct relationship between the level of ions present and the resultant drug release was 

not clear. Using phosphate mixed buffer (lowest sodium content at preparation) drug 

release was increased by adding amounts of sodium up to a level of 0.05M, further 

additions caused the level of drug release to drop until at the highest sodium 

concentration, 1 .OM the lowest level of drug release was attained. Dissolution of the 

drug alone rapidly produced high levels at all sodium concentrations again indicating 

that the presence of stearic acid is the rate limiting step. As the presence of a diffusion 

mechanism has already been postulated the reduction in drug release at increasing 

sodium concentrations may be a result of a change in the osmotic gradient thus 

preventing the drug substance diffusion out of the matrix.

Results from the dissolution studies have enabled an initial hypothesis to be formed 

which describes the mechanism by which cefuroxime axetil is released from SACA. It 

is suggested that two mechanisms may be involved, the first is an underlying diffusion 

mechanism which occurs in all cases, and the second, which only occurs under certain 

conditions involves some type of interaction between the stearic acid and particular 

buffer components. It is likely that this interaction is pH dependant i.e. it will not



Chapter 7....Conclusions /2 2 1

occur under acidic conditions. The presence of this second mechanism augments the 

level of drug release attained by the diffusion mechanism.

Having established the factors which influenced the level of drug release from the 

spheres SEM was then used to visualise the particles at various stages throughout the 

dissolution process. Notable surface changes were seen to occur with particles 

undergoing dissolution in Sorensens pH 7.0 and 8.0. These changes appeared as 

striations in the surface layers of stearic acid and became more defined as the run 

proceeded i.e. changes were seen to be time dependent. No changes were apparent on 

particles which had undergone dissolution within the acidic media. In order to 

visualise an extreme form of this process material was left suspended in the 

dissolution media during the drying process. With Sorensens pH 7.0 and 8.0 marked 

surface alterations were observed at the 10 minute stage with complete disintegration 

of the spheres occurring at 60 minutes. However, it was interesting to note that the 

time dependency factor was still in evidence. The surface characteristics of the spheres 

suspended in the acidic media remained the same. In the second part of the study 

surface changes were again an indication of drug release. Drug release at 30 minutes 

for citrate-phosphate, borate and phosphate mixed buffers were 40.19%, 29.33% and 

17.95% respectively. For this set of buffers the most significant surface changes 

occurred using the citrate-phosphate buffer. SACA which had been in contact with 

phosphate mixed buffer prepared to give differing molarities exhibited minor surface 

changes. Increased surface change was not indicative of higher levels of drug release 

but, with the exception of the 0.2M buffer, could be related to the amount of sodium 

contained within the media.

These observations have provided further evidence that stearic acid is undergoing 

some kind of interaction with particular buffer components. In the main, surface 

change is indicative of higher levels of drug release. Considering the components 

within the system it was thought that the sodium ions could be interacting with stearic 

acid to form sodium stearate leading to the breakdown of the initial material. This idea 

was further developed since no surface changes were observed within the acidic 

media, i.e. conditions in which the ionisation of stearic acid would be repressed. The
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earlier hypothesis suggesting the presence of two release mechanisms was further 

strengthened by this study.

Thermal analysis using conventional DSC showed that the thermal properties of 

SACA were altered after dissolution in media which also produced surface changes 

and in which higher levels of drug release were attained. In extreme cases a second 

melt peak was observed which increased in size and melt temperature as the run 

developed. For media in which only minor surface changes were observed a shoulder 

was seen to develop on the first peak, while under conditions where no surface 

changes were apparent the thermal properties of SACA remained unchanged. Analysis 

of SACA which was suspended in the three pHs of Sorensens buffer during the drying 

process produced some interesting results. The thermal properties of SACA which had 

been suspended in the acidic media remained the same i.e. single melt peak around 

54°C, while the melt temperature for SACA after suspension in Sorensens pH 7.0 and 

8.0 had increased to 69°C. Considering the three pH 7.0 buffers, a second peak was 

observed on analysis of SACA which had undergone dissolution in citrate-phosphate 

buffer, but not for borate or phosphate mixed. Interesting observations were also made 

on analysis of SACA which had undergone dissolution in buffers consisting of 

different sodium molarities. Changes in thermal properties were observed but 

appeared to be related to the dissolution results as opposed to the sodium content. At 

the lowest sodium concentration a single melt peak was observed. With increasing 

amounts of sodium a shoulder became apparent which developed into a second peak 

when the sodium level reached 0.05M, the concentration at which the highest level of 

drug release was attained. With increasing amounts of sodium this second peak 

reverted back to a shoulder and finally a single peak was observed at the highest 

sodium concentration of l.OM, suggesting that this ‘new material’ is not directly 

related to the amount of sodium contained within the media.

Using a single composition of SACA and several different media, results fi*om the 

HSDSC study indicated that drug release and thermal properties of the system could 

be related. Using media such as Sorensens pH 7.0 and 8.0 in which high levels of drug 

release were obtained, multiple peaks were observed on the HSDSC trace, a pre

transition around 40°C, the SACA melt at approximately 54-55°C and a second melt
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peak at 65°C. Repeated cycling of these systems provided further evidence that a 

change had occurred to the initial material. In the case of Sorensens pH 7.0 three 

peaks were observed on the first heat, the larger second peak representing the melt of 

SACA. However during successive heating cycles this second peak was absent, only 

two peaks were observed, one at 40°C and one at 65°C. Multiple peaks were also 

observed using phosphate mixed buffer, sodium molarity 0.05M and 0.1068M. A 

single peak representing the melt of SACA was observed using Sorensens pH 5.9 and 

distilled water, these systems did not exhibit any change after several consecutive 

heating and cooling cycles. Multiple peaks were not observed when the pure grades of 

stearic and palmitic acids were investigated.

These results have substantiated the theory that stearic acid is interacting with buffer 

components. In this instance it would appear that the initial material undergoes some 

type of change. The earlier theory of sodium stearate formation is weakened by the 

observation that the thermal trace of sodium stearate does not match those obtained in 

this study. An alternative theory is that components of the material i.e. minor fatty 

acids are being lost during the dissolution process. This may occur due to the 

formation of an intermediate sodium salt which then dissolves. This theory is further 

strengthened by the fact that multiple peaks are not present on the HSDSC analysis of 

Sorensens pH 7.0 with pure stearic acid. Finally on consideration of the components 

present it may be possible that an acid-soap is being formed. Although the 

identification of this ‘new material’ is still unknown the thermal studies have 

confirmed that an interaction is occurring and this can be related to particular levels of 

drug release. HSDSC has shown potential as a novel screening tool in predicting 

levels of drug release.

The purpose of the final experimental chapter was to identify this ‘new material’. 

Flame emission studies did show that small amounts of sodium were present in the 

material after dissolution in particular media, i.e. media which produced surface 

changes. Greater sodium contents reflected higher levels of drug release. The main 

point gained from the X-ray diffraction work was that the structure of the ‘new 

material’ was different to that of the initial. The most interesting results were taken 

from the gas chromatography work. Samples which had shown evidence of a second

’See Figure 1.13 for DTA trace of sodium stearate
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peak did not dissolve in THF thereby preventing their fatty acid content from being 

determined. If the earlier theory describing the loss of minor components during 

dissolution was indeed correct then the new material would have dissolved since it 

would have been chemically unchanged.

To conclude, the mechanism by which cefuroxime axetil is released from SACA 

appears to be more complex than was first anticipated.. This work has indicated that 

there is more than one mechanism present. The first appears to be a straight forward 

diffusion process and the second involves the interaction of stearic acid and particular 

buffer components. The second mechanism is thought to occur in particular 

dissolution media. This interaction produces a ‘new material’, its appearance being 

related to increasing levels of drug release. While the exact mechanism of release is 

still unclear much valuable information has been gained which has enabled the 

following hypothesis to be formed. It is unlikely that sodium stearate is being formed 

in the interaction between stearic acid and the buffer components. A change in the 

level of fatty acids within the initial material has also been deemed unlikely. However, 

the formation of acid soaps is a distinct possibility. As has been mentioned earlier, 

these systems are extremely complex in nature therefore further work would be 

required to investigate this hypothesis further. This study has provided much new 

information regarding the release of drug from SACA thereby setting a firm base for 

further investigations.

Effort has been made to identify this material, several theories have been put forward 

and after further investigation discarded. At this current time it is thought that some 

type of acid-soap formation may have occurred since the presence of sodium has been 

confirmed, the chemical nature of the material has changes and optimal drug release 

has been found to be pH dependant. However, due to the extremely complex nature 

and contradicting work describing these systems it is not possible to say that they are 

involved in the definitive mechanism, further characterisation of the system is 

required.
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Future Work

The work contained within this study has successfully identified several key factors 

which exert an effect on the level of drug release obtained from SACA during 

dissolution in a selection of media. Variations in the obtained level of drug release 

was linked to alterations in the surface morphology of the particles along with changes 

to the stearic acid itself. Attempts were made to clarify these changes using XRD, GC 

and flame photometry, however the true nature of the material was not established.

Recommended future work would involve further investigation into the changes 

occurring to the fatty acids during the dissolution process. Rather than focusing on the 

actual release mechanism, attention would be focused on the chemistry of the 

materials. Individual fatty acids could be treated with a range of dissolution media and 

changes assessed using the earlier techniques along with others such as NMR and 

mass spectroscopy. Mention has already been made of the possible formation of acid- 

soaps or liquid crystals. These are extremely complex systems but are worthy of 

further investigation. Finally, work is ongoing to construct a small scale 

manufacturing rig. This would allow the formulation of SACA to be manipulated so 

that drug release using different compositions of fatty acids could be assessed. It 

would also allow a range of drugs to be used. Ultimately the rig would allow different 

formulations to be processed, not necessarily with a fatty acid base, with the aim of 

providing a simple method for taste masking other unpleasant tasting substances.
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Appendix I

Chemical Reactions of Fatty Acids

1. Reactions of the Carboxyl Group

1.1 Acid Chlorides

Acid chlorides have little commercial application but are useful intermediates for 

making a large range of fatty acid derivatives. Due to the low reactivity of long chain 

compounds it may be difficult to synthesise certain materials directly from them, 

therefore acid chlorides are used as an intermediate step. They may be prepared by a 

number of classic reactions, but only routes employing phosphorus trichloride has any 

industrial significance. In the following reactions the dry fatty acid is reacted with 

thionyl chloride, phosphorus trichloride and a metallic soap is reacted with 

phosphorus pentachloride.

RCOOH + SOCI2 -► RCOCl + SO2 + HCl

3RC00H + PCI3 3RC0C1 + H3PO3

RCOONa+ PCI5 -► RCOCl + POCI3 + NaCl

1.2 Estérification

Estérification of fatty acids occurs with alcohols, glycols, triols and many other 

polyfuncional materials like sugars and starches. The reaction is reversible and 

proceeds to completion only if the water is removed. The classic method of ester 

preparation involves reaction of an acid with an alcohol, usually in the presence of a 

catalyst to afford an ester and water.

RCOOH + R'OH ^  RCOOR' + H2O 

A high yield of esters may be obtained from fatty acids under the correct reaction 

conditions. In general, equilibrium is forced to the right by removal of water from the 

system as it is formed. Addition of materials such as xylol which forms azeotropic 

mixtures with water, the application of a mild vacuum to the reaction vessel or the



Appendix I  /  248

used of materials with higher boiling points than water are used as a means of 

removing water from the system. Besides direct formation of esters from fatty acids 

and alcohols, there are several other procedures for making esters. These include the 

reaction of an acid chloride or anhydride with an alcohol, reaction of an alkyl halide 

with a fatty acid soap and the reaction of other esters with fatty acids (acidolysis) or 

alcohols (alcoholysis) to produce the desired ester.

1.3 Reduction

Esters of fatty acids and fatty acids themselves can be reduced to fatty alcohols when 

treated with hydrogen under high pressure in the presence of a suitable metal catalyst.
RCOOR' + 2 H2 -► RCH2OH + HOR'

RCOOH + 2H2 -► RCH2OH + H2O

1.4 Decarboxylation

When certain soaps are heated above their decomposition point, decarboxylation

occurs and ketones result. This reaction is a preparative one for dialkyl ketones.
O

150OC II
(RC00)2M ------- ► RCR + MCO3

A variety of heavy metal soaps may be used, but calcium and barium are the most

common. Other mechanisms are possible but the above reaction affords the higher

yield.

1.5 Nitrogen Derivatives

Fatty acids react readily with ammonia or amines at elevated temperatures to form

amides. Large quantities of fatty nitrogen compounds are produced commercially.

RCOOH + NH3 ^  RCONH2 + H2O

RCOOH + NH3 ^  R C ^ N  + 2H2O

RCOOH + R'NH2 RCONHR' + H2O
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Unsaturated fatty nitrogen derivatives are readily available which have been produced 

from unsaturated fatty acids, special hydrogenation techniques are used to preserve the 

double bonds.

2. Reaction of the a-methylene group (to carboxyl)

2.1 Halogénation

The a-halogenated acids are stronger than their unsubstituted analogues and are 

frequently used as chemical intermediates because a number of other groups can 

replace the halogen atom. When saturated fatty acids are reacted with bromide a- 

bromo acids are produced. Heating the halogen with fatty acids usually causes a 

random positioning of the halogen atom therefore the Hell-Volhard-Zelinski reaction 

(HVZ) is most often used. This reaction involves heating a fatty acid with a small 

amount of red phosphorus and an equivalent amount of bromide. An intermediate acid 

bromide forms which readily reacts with more bromide to give an a-bromo acid 

bromide. The overall reaction is as follows,

RCH2COOH + Br2 RCHCOOH + HBr

Br

a-chloro acids are formed by the chlorination of fatty acids but the process is not very 

specific.

2.2 a-sulfonation

Sulfonic-carboxylic acids and their salts are used as surfactants. Treatment of 

saturated fatty acids with sulphur trioxide at 6 O0 C or chlorosulfonic acid at 70oC 

results in a smooth conversion to a-sulfo-carboxylic acid.
RCH2COOH + SO3 - ♦  RCHCOOH

SO3H
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3. Reactions of unsaturated fatty acids

3.1 Reduction

This is an extremely important reaction in industry. It is usually carried out by the 

addition of hydrogen to the carbon-carbon double bond in the presence of a catalyst.
Ni

CH3(CH2)7CH=CH(CH2)7C00H+ H2 CH3(CH2)7CH2CH2(CH2)7C00H

3.2 Halogénation

Halogens react readily with unsaturated fatty acids to give saturated halogen- 

containing acids. The bromination of oleic acid is as follows,

CH3(CH2)7CH=CH(CH2)7C00H + B f2-^  CH3(CH2)7CHCH(CH2)7C00H

Br Br

The addition of more reactive halogens such as chlorine may result in some 

substitution of the hydrogen atoms. Fluorine is so reactive that excessive molecular 

decomposition occurs when it is introduced to saturated or unsaturated fatty acids.

3.3 Migration of double binds (conjugation)

Conjugated unsaturates may develop when double bonds in polyunsaturated fatty 

acids are caused to migrate, for example refluxing a mixture of linolenic acid and 

ethylene glycol with more than 1 equivalent of potassium hydroxide results in 

formation of 12,12,14-octadecanoic acid in the form of its potassium soap.

CH3CH2CH=CHCH2CI^=CHCH2CH=CH(CH2)7C00H-^
CH3(CH2)2CH=CHCH==CHCH=CH(CH2)8C00K

3.4 Cis-trans isomérisation

Almost all naturally occurring unsaturated fatty acids have their double bonds present 

in the cis (unstable) form. Oleic acid {cis) and its isomer elaidic acid {trans) are as 

follows.
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CH3(CH2)^ ^(CH2)7C00H CH3(CH2)t̂  yH
C = C

H H H ^(C H 2)7C 00H

Oleic acid can be converted to the more stable trans isomer by treatment with one of 

several reagents e.g. selenium, nitric oxide, or iodine. In general trans isomers of 

unsaturated acids have higher melting and boiling points and are less soluble than the 

cis form. The formation of both isomers are usually undesirable due to the differences 

in their physical properties.

3.5 Ritter reaction

This reaction provided access to fatty nitrogen compounds through the double bonds 

in unsaturated fatty acids.
H2SO4

CH3(CH2)7C H = CH(CH2)7C00H+ HCN + H2O -----►

CH3(CH2)7CH2— CH(CH2)7C00H

NH
I
H C = 0

By hydrolysis of the formamide, 9- or 10-aminostearic acid is formed.

CH3(CH2)7CH2— CH(CH2)7C00H CH3(CH2)7CHCH2(CH2)7C00H

NH NH]

HC^O

3.6 Arylation

Unsaturated fatty acids react with many aromatic compounds such as benzene or 

phenol to add the elements of the aromatic ring across the double bond.

CH3(CH2)7CH=CH(CH2)7C00H + CôHô ► CH3(CH2)7CH—CH(CH2)7C00H

H C6H5

Friedel-Crafts catalysts e.g. aluminium chloride or stannic chloride or acid-treated 

clays are normally used to effect this reaction. These arylated fatty acids have lower 

melting points and better solubility than their saturated counterparts and have a 

potential use as lubricants.
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3.7 Maleinization

This is an inexpensive and convenient way of increasing the ‘functionality’ of 

unsaturated fatty acids. This reaction us used to produce paint vehicles with faster 

drying times and better resistance to chemicals and solvents.

CH3(CH2)7CH=CHCH2(CH2)6C00H+ HC—  CO
\

HC —  CO

CH3(CH2)6—CH—  CH=CH(CH2)?C00H

CH—  CO

I )o
CH2— CO

The reaction takes place at temperatures in excess of 200°C. The products are 

hydrophilic and can be made water soluble by the addition of a base such as ammonia.

3.8 Diels-AIder Reaction

This reaction is only possible with conjugated unsaturated acids. One example is 

eleostearic acid, this molecule can act as the diene in the presence of an active 

dienophile, such as acrylonitrile or maleic anhydride. The reaction can produce high 

yields under mild conditions.

CH3(CH2)5CH=CH—  C H = CH(CH2)7C00H + C H 2= c h c n  — ►
9,11 -octadecanoic acid acrylonitrile

C H =  CH 
/  \

CH3(CH2)5CH ^H (C H 2>7C0 0 H+ maleic anhydride ►

^ C H = C H

^  CH3(CH2)5CH yCH(CH2)7C00H
^CH— dH 
/  \

OC CO

A large variety of complex and useful fatty acid derivatives can be made in this way, 

however the method has been limited due to the poor availability of high-quality 

conjugated fatty acids.
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3.9 Oxidation

Ozonization

This reaction of ozone with unsaturated fatty acids is an important reaction 

commercially as well as in the lab. The first isolable reaction product of oleic acid and 

ozone is an unstable ozonide.

CH3(CH2)7CH=CH(CH2)7C00H+ O2 —> CH3(CH2)7CH CH(CH2)7C00H

o  o

Treatment of the ozonide with acidic water results a mixture of pelargonic acid and 

azelaic acid, which are both used as intermediates for vinyl plasticizers and synthetic 

lubricants. Ozonolysis of unsaturated fatty acids is the basis of a commercial process 

for making dibasic acids.

Epoxidation

Epoxidized fatty acids are not stable so therefore it is difficult to epoxidize 

unsaturated fatty acids in high yields. However it is possible to epoxidize esters of 

unsaturated fatty acids which are used as vinyl-resin plasticisers-stabilizers and in 

surface coatings.

Hvdroxvlation

Hydrogen peroxide in the presence of tungstic oxide catalyst can be used to 

hydroxylate directly the double bonds in unsaturated acids.

CH3(CH2)7CH=CH(CH2)7C00H—  CH3(CH2)7CH —  CH(CH2)7C00H

OH OH 
9,10-düiydroxystearic acid

3.10 Autoxidation

Polyunsaturated fatty acids pick up oxygen at a fat faster rate than monounsaturates. 

The initial reaction of linoleic acid with oxygen results in conjugation of the
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unsaturation and formation of hydroperoxides. It is likely that it is the number 11 

carbon which is attacked by the oxygen because it is doubly activated by the adjacent 

unsaturation.

Oxygen continues to attack the above system until various degradation products are 

formed. It is these low molecular weight materials which cause the bad odour and 

taste associated with rancid fats, even when present in very small amounts, this is the 

reason for the addition of antioxidants to many unsaturated fat products.

3.11 Thiol Fatty Acids

Thiol fatty acids can be prepared readily from unsaturated fatty acids by reaction with 

thioacetic acid, followed by hydrolysis.
O
I I

CH2(CH2)7CH= CH(CH2)7C00H + CHsC—  SH-
peroxides

C H 3(CH 2)7CH 2CH (CH 2)7C00H  

SCOCH2
H20,H+

C H3(CH2)7CH 2CH (CH 2)7C00H  

SH
9- and 10-mercaptostearic acid

3.12 Phosphorylation

A large variety of phosphorus-containing fatty compounds can be made by addition of 

phosphorus halides, phosphine or substituted phosphines, or oxygen-containing 

phosphorus acids or esters to unsaturated acids.

3.13 Prins Reaction

Formaldehyde reacts with unsaturation in the presence of a sulfuric acid catalyst and a 

polar solvent to give intermediate meta-dioxanes and pyranol esters. Pyranols 

predominate in the reaction mixtures.
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r
oleic add +  CH3(CH2)6 .CH (C H 2)7COOH(2) H2O \  /  \  /

CH CH
I  I
CH] CH]

3.14 Koch Reaction

Dibasic acids can be produced by the carboxylation of unsaturated acids with carbon 

monoxide. Sulfuric acid is used as a catalyst, and water is also required to be present.

CH3(CH])7— C H =  C H ( C H ] ) 7  + CO + H ]0->  CH3(CH])7CH]— C H ( C H ] ) 7 C 0 0 H

COOH

4. Reactions of Substituted Fatty Acids

Functional groups present in fatty acids undergo reactions expected of them, however 

because of the moderating effect of the long carbon chain reaction rates are often 

much slower than in low molecular weight compounds.

4.1 Hydroxy Acids

Ricinoleic acid, which occurs as the triglyceride castor oil, is the most important 

hydroxy fatty acid.

C H ] ( C H ] ) 5 C 1 F -  C H ] C H =  C H ( C H ] ) 7 C 0 0 H  

OH
12-hydroxy-9-octadecenoic acid

It undergoes several reactions which are characteristic of hydroxylic molecules and 

several commercially significant products are derived from it. Dehydrated castor oil 

(DCO) is a highly unsaturated triglyceride an is widely used in protective coating 

systems because it imparts fast dry, good colour and colour retention, flexibility and
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desirable gloss. Alkali fusion of ricinoleic acid is the basis of a commercial process 

for sebacic acid manufacture which is used in the form of its esters as vinyl 

plasticizers, in lubricants and as a constituent of polyesters and polyamides. Pyrolysis 

of the acid at 275-300°C results in the formation of heptaldehyde and 10-undecenoic 

acid (undecylenic acid). The zinc soap of the latter is used as a fungicide in the 

treatment of athletes foot.

4.2 Epoxy Acids

Vemolic acid occurs as the triglyceride in ironweed seed and has the following 

chemical structure,

CH3(CH2)4CI^ C I ^  CH2CH= CH(CH2>7C00H 

12-epoxy-9-octadecenoic acid (vemolic acid)

It will undergo most of the numerous reactions characteristic of non-terminal 

epoxides. The fatty oxirane group is much less reactive than is ethylene oxide or 

styrene oxide. The non-terminal fatty oxiranes are quite unreactive in the presence of 

base catalysts but are subject to catalysis by proronic and nonprotonic acids.
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Appendix II

Calculation of Phosphate Mixed Buffer Molarities

Phosphate mixed buffer, Na"̂  as NaCl = 0.05M

For 5L of phosphate mixed buffer,

Anhydrous disodium hydrogen orthophosphate 

Potassium dihydrogen orthophosphate

Na2HP04 2.5g

KH2PO4 1.505g

Molecular weights,

Na2HP04 141.96

KH2PO4 136.09

NaCl 58.44

Using formula 1 moles = mass/mass of 1 mole

Sodium contact of buffer = 5/141.96 = 0.0352moles

Using formula 2 molarity = moles/litres

Required number of moles of sodium for 5L of a 0.05M buffer = 0.05 x 5 = 0.25moles

Since 0.0352 moles of sodium is already present in the buffer additional moles of 

sodium = 0.25 - 0.0352 = 0.2148moles

Using formula 1 additional weight of sodium, as NaCl, required = 0.2148 x 58.44 

= 12.55gNaCl

Therefore to increase the sodium molarity of phosphate mixed buffer from 0.07M to 

0.05M a further addition of sodium, as NaCl, of 12.55g must be made.
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Appendix III

Calculation for determining the weight of SAGA and cefuroxime 

axetil used for each dissolution run.

From the calibration graph of cefuroxime axetil dissolved in Sorensens pH 7.0, see 

Figure 2.1 the equation of the straight line is calculated as,

= 379.23%+ 0.012 

where j  is absorbance and % the drug concentration as %w/v.

For an absorbance of 1, %379.23 + 0.012 = 1

=> %379.23 = 7-0.012

=> %379.23 = 0.988

(  0.988
^  ^  V 379.23/

=> X = 2.605 X 10'  ̂%w/v

Therefore the concentration of cefuroxime axetil required to give an absorbance of 1 

is 2.605 X 10'  ̂ %w/v. In order to obtain the concentration of drug in mg/L the 

following conversion is carried out,

2.605 X 10'  ̂%w/v = 2.605 x lO'^g/lOOml = 2.605mg/100ml = 26.05mg/l000ml

If each dissolution vessel contains 900ml of dissolution medium then the required 

weight of cefuroxime axetil is,

f  900

0.9 X 26.05

23.46ms



Appendix III /  259

In order to calculate the amount of SACA required we must take into consideration 

the percentage drug loading of the material which is 15%w/w. Therefore the weight of 

SACA which contains 23.46mg of cefuroxime axetil may be calculated by,

100
V15 '

6.667 X 23.46 

156.40mg

To conclude, in order to attain an absorbance of 1 on complete dissolution in 900ml of 

Sorensens pH 7.0, 156.40mg of SACA or 23.46mg of cefuroxime axetil is required.


