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Summary'

SUMMARY

Fatty acids are considered to be useful as carrier materials in the formulation of drug 

delivery systems. Literature on fatty acid systems, in particular, stearic acid, was 

reviewed, though in general, research in this area was relatively limited. O f the 

delivery devices described, little was reported on the mechanism o f release from these 

systems.

A range of drug-fatty acid composites were prepared for dissolution studies. Benzoic 

acid was used in these systems, as it is a well characterised compound, that has often 

been used as a model drug. Fatty acid type, drug type, and particle size o f the 

components were shown to significantly affect drug release. The effect on drug 

release, o f drug loading, as well as the inclusion of a soluble excipient, was also 

investigated.

Release was typically in agreement with the Higiwhi model, which describes 

release from an inert matrix. However, in some systems, the initial phase of drug 

release deviated from diffusion kinetics. Stearic acid microspheres exhibited 

release, preceded by a burst phase.

Surface texture analysis was performed on all systems following dissolution. With 

stearic acid reagent grade (SAR) compacts, a link was demonstrated between surface 

roughness and contact time with dissolution medium. The results from this study, in 

combination with changes in matrix dimensions, revealed that the dissolution medium 

was effecting changes in stearic acid. Compacts were analysed by DSC, XRD and 

FTIR techniques to elucidate the nature of this change. This work was consistent with 

the formation o f acid-soap in SAR compacts placed in phosphate buffer, or when 

sodium benzoate loaded SAR compacts were exposed to O.IN HCl. In contrast 

compacts prepared from pure grade samples o f stearic acid (SAP) and palmitic acid 

(PA) did not undergo any characterisable changes over the same dissolution period. 

In the light of this significant finding, the release o f drug from fatty acids was found 

to be more complex than initially considered. Acid-soaps are more hydrophilic than 

fatty acids and are not considered to form inert matrices. The evidence provided in 

this thesis highlights the pronounced effect o f fatty acid type, and indeed the grade of 

fatty acid employed on drug release.



Summary'

III vitro and in vivo release of insulin from stearic acid compacts was measured. Both 

plasma insulin levels and blood glucose readings were recorded in response to 

subcutaneous implants. These fatty acid implants were gradually eroded in vivo and 

no internal tissue reaction was evident. The release profiles in vitro and in vivo were 

similar, over the same time frame, suggesting that the same release mechanism was 

occurring, and thus erosion was not considered to be a major controlling factor in the 

current work. Wang previously presented blood glucose levels in rats following 

implantation o f fatty acid based systems containing insulin, but did not report insulin 

levels. In the current work, in vitro release rates were in reasonable agreement with in 

vivo absorption rates.
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GLOSSARY OF TERMS

a; approximately

P density

> greater than or equal to

< less than or equal to
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r i %
\cm absorption of a Ig/lOOml solution in a cell of 1cm pathlength

s porosity

P tablet property

T tortuosity

yU universal scaling constant
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Sc critical porosity corresponding to the percolation threshold

l^g micrograms

|j,m micrometres

^m ax wavelength o f maximum absorption

y i square root of time

HU/ml microunits per milllilitre

< less than

> greater than

20 diffraction angle

2-D two dimensional

3-AP 3-aminopyridine

3-D three dimensional

A angstroms

A drug loading

A, B, C, D, E polymorphic forms of fatty acids, and soaps o f fatty acids

ARa surface roughness average after dissolution

B P British Pharmacopoeia

BA benzoic acid

BSA bovine serum albumin

cm centimetres
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cps counts per second

G saturated solubility

CV coefficient of variation

Do diffusion coefficient

DSC Differential Scanning Calorimetry

EC ethylcellulose

F the formation factor { s / t)

FA fatty acid

, f h a o fraction released by burst at infinity

FTIR Fourier Transform Infra-Red Spectroscopy

G gauge of needle

g/1 grams per litre

GLC gas liquid chromatography

h the hydrodynamic boundary layer

H hydrogen ions

H3O’ hydronium ions

HD Heidolph stirrer

HLB hydrophilic lipophilic balance

HPMC hy droxypropyl methy Icel lulose

hr hour

I.L. isotropic liquid

IR infrared

IRa surface roughness average before dissolution (defined in text)

k Higiichi release rate constant

K’ potassium ions

k] first order release rate constant

Ka dissociation constant

h first order rate constant for release by a burst mechanism

KBr potassium bromide

Kr Cobby release rate constant

kV kilovolts

1 large particle size (250-500|j,m)

M Molar
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mA milliamps

MC methylcellulose

mg milligrams

min minutes

ml millilitres

mm millimetres

mmol/1 millimoles per litre

MSC Model Selection Criterion

n number of points

n number o f samples

Na* sodium ions

NaOH sodium hydroxide

nm nanometres

NMR Nuclear Magnetic Resonance

NS not significant

p/mm points per millimetre

PA palmitic acid

PB procaine base

P ci lower percolation threshold

Pc2 upper percolation threshold

pH -logio(hydrogen ion concentration)

PHCl procaine hydrochloride

pKa ■logio(^a)

PVA polyvinyl alcohol

0 amount of drug released per unit exposed surface area

q initial radius divided by half the initial tablet height

ro initial radius

/ coefficient of determination

RIA radioimmunoassay

rpm rotations per minute

s small particle size (63-125iim)

SA stearic acid

SAF stearic acid for synthesis (flakes)
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SAP pure grade stearic acid

SAR stearic acid reagent grade

SB sodium benzoate

SD standard deviation

SEM scanning electron microscopy

SLN solid lipid nanoparticles

SLS sodium lauryl sulphate

SPA stearic-palmitic acid

SS sum o f squares

t time

to lag time before onset o f  drug release

ton units o f pressure

U.S.P. United States Pharmacoepia

UT Ultraturrax mixer

UV ultraviolet

w/w weight for weight

XRD X-ray diffraction
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Origin and Scope

ORIGIN AND SCOPE

Fatty acids are potentially suitable carriers for use in the design o f drug delivery systems 

being biocompatible, biodegradable, inexpensive and o f a low toxicity. Even so, 

relatively limited research is reported in the area o f  fatty acid based solid dosage forms.

Abougela & Grant {1979) reported specific interactions between griseofulvin and 

saturated straight chain fatty acids (C1.C9) giving rise to crystalline solvates and 

amorphous inclusion compounds. In subsequent work {Grant & Abougela, 1982) the 

range o f  fatty acids employed was extended from C2 to C22. In general the solubility o f 

the complexes formed decreased with increasing number o f carbon atoms.

Kagadis & Choulis {1985) produced stearic acid microcapsules containing ibuprofen. 

The amount released increased with loading and was greater from microspheres o f  a 

larger particle size. The mechanism o f  drug release was not discussed.

Wang {1987, 1989, 1990) used fatty acid based implants to deliver insulin to diabetic rats. 

These implants were shown to be gradually eroded in vivo. Several types o f fatty acids 

were screened and differences were observed in the in vivo effects o f  the implant, on 

changing the carrier material {Wang, 1989). In vitro release was not presented.

Yokoyama et al {1993 a & b) formed crystalline complexes o f  3-aminopyridine or 

nicotinamide and fatty acid, both o f  1:1 drug;fatty acid molar ratios. For both drug 

systems, the profile o f  the release rate constant, k, plotted against, n, the number o f 

carbons in the fatty acid chain, was a zig-zag line, with higher estimates o f k for even- 

numbered fatty acids. Estimates o f k decreased with increasing values o f n.

Kaewvichit & Tucker {1994) assessed the release o f bovine serum albumin from stearic 

acid compacts. A factorial study was designed to investigate the effect on drug release, 

o f drug loading, particle size o f drug and carrier, and compaction pressure, each at two 

levels. While differences were observed for the various factors, a physicochemical model 

giving a mathematical relationship for describing drug release from these systems, was
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Origin and Scope

not defined. Data was, however, fitted to the empirical relationship defined by Ritger and 

Peppas {1987).

The aim of this thesis was to explore the mechanism of release from fatty acid systems in 

vitro. For the most part, compacts were produced from stearic acid and benzoic acid was 

used as the model drug. The idea was to investigate drug release fi'om compacts of 

different composition, as well as under different production and dissolution conditions. 

Having defined release from benzoic acid systems, it was hoped to extend the study to 

defining the release of insulin, as a model polypeptide, both in vitro and in vivo.

In order to extend our understanding of the mechanism of release from fatty acid based 

systems the following objectives were defined:

■ To characterise the physicochemical properties of a range of drug-fatty acid 

composites.

■ To investigate drug release mechanism from systems and to determine the effect of 

drug type, carrier type, particle size and the inclusion of a soluble filler on release.

■ To analyse surface characteristics of these compacts, before and after dissolution with 

the aim of correlating drug release and surface roughness.

■ To examine the effect on release of device size and geometry

■ To monitor the in vitro and in vivo release characteristics of an insulin/fatty acid 

implant.
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Chapter I ~ Fatty Acids

1.1 INTRODUCTION

1.1.1 Background

Lipid excipients are widely used in pharmaceuticals, more often in semi-solid 

preparations. Solid lipids are finding increased use in drug delivery systems. There is 

limited data on the use of fatty acids, which occur naturally and are considered to be 

non-toxic. In contrast, much data is available on the varied uses o f fatty acids and 

derivatives in the food industry, which provides evidence of their low toxicity.

The term fatty acid is applied to a homologous series known as the alkanoic acids. 

They are the building blocks of lipids, such as acylglycerols, phospholipids, 

glycolipids, cholesterol esters, and some waxes {Bailey, 1996). Fatty acids are 

essential components of animal, vegetable and marine life. Saturated acids of low 

molecular weight (C4-C10) occur in milk fats and a few seed fats. Lauracecae and 

Myristiceae seeds are extensive sources of lauric (C12) and myristic acid (C h ), 

respectively, the source obviously reflected in the common names of these fatty acids 

{Gunstom el al, 1994). Fatty acids o f chain length C16-C20 are the most abundant in 

nature. Palmitic acid (Cie) is the most widely occurring saturated fatty acid, being 

present in nearly every fat source. Palm oil is an especially good source being 

composed of almost 50% palmitic acid. Though stearic acid is present in high 

quantities in peanut oil, animal fats such as beef tallow, chicken and lard are better 

sources o f saturated stearic acid {Bailey, 1996).

1.1.2 Nomenclature

The name fatty acid is given to organic compounds consisting o f a hydrocarbon chain 

with a terminal carboxylic acid group. The series begins with formic acid (methanoic 

acid C l), acetic acid (ethanoic acid C2) and continues to palmitic acid (hexadecanoic 

acid Cie), stearic acid (octadecanoic acid Cis) and above. The names in brackets refer 

to systematic names as defined by the Geneva convention of nomenclature. The 

Grreek prefix gives information about the chain length where dodec-, hexadec-, and 

octadec- refer to acids having 12, 16 and 18 carbons, respectively. Fully saturated 

fatty acids have the suffix- ‘anoic’. For unsaturated systems the suffix serves to 

reflect the number of double bonds, where -enoic, -dienoic, and -trienoic are used for

1



Chapter I ~ Fatty Acids

systems containing 1, 2, and 3 double bonds, respectively. Symbol notation is more 

straightforward and hence is used more frequently. The notation 18:3«6, represents 

an unsaturated fatty acid of 18 carbon atoms, with 3 double bonds, the first o f which 

is located at the 6'*’ carbon position counting from the methyl end o f the molecule. 

Using this nomenclature stearic acid would read 18:0, as it is a saturated fatty acid.

Fatty acids differ in chain length and also vary in the number, position and 

configuration of their double bonds. For ease o f classification \fatty acids written as 

such, will be used to describe the entire range o f saturated, unsaturated and hydroxy 

acids, while ‘fatty acids’ will refer solely to the saturated straight chain series. Fatty 

acids derived from natural sources are almost exclusively straight chain compounds of 

an even-numbered carbon chain length.

1.1.3 Genera! Physical and Chemical Properties

It is often the physical attributes fatty acids which dictate their commercial usage. 

Properties such as the oiliness, viscosity, surface activity, solubility and melting 

behaviour can determine the industrial applications of a particular acid. The 

chemical reactivity o i fatty acids will ultimately be affected by the chemical groups 

present and the degree of unsaturation.

1.1.3.1 Melting behaviour and solubility

Table 1.1 lists the common names for fatty acids o f carbon chain length C5- C18, along 

with their corresponding melting points and solubilities in water. C1-C4 acids are 

completely miscible with water, while C5 acids will form a solution at temperatures of 

30°C and above. With increasing chain length the molecule becomes more 

hydrophobic and will aggregate in aqueous solution. Fatty acids o f C12 and above are 

practically insoluble in water. Stearic acid is only 0.00029% soluble in water at 20°C 

{Markley, 1960). In contrast, water possesses a significant solubility in fatty acid with 

lauric acid capable o f holding 2.7% water at 75°C and stearic acid holding 1.02% at 

92.4°C {Budde, 1968).

There is a trend o f increasing melting points with increasing chain length, for series 

with an even or an odd number of carbon atoms. However, it is apparent that odd-
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numbered acids melt at a slightly lower temperature than adjacent even-numbered 

acids. This is attributed to the crystal structure of an even-numbered chain being 

more symmetrical {Pattison, 1968), resulting in a more densely packed structure. 

With increasing chain length this alternating effect lessens. Fatty acids below Cio 

exist in the liquid state at room temperature, while those of a higher molecular weight 

are solids.

Table 1.1 Nomenclature, melting points and solubility in water of saturated fatty 

acids.

Number o f 

carbons

Common

name

Melting 

point (

Solubility in water 

at 30 XJ (mg/mlf

5 Valeric -33.5 —

6 Caproic -3.4 10.19

7 Enanthic -7.1 2,71

8 Caprylic 16.7 0.79

9 Pelargonic 12.5 0.32

10 Capric 31,6 0.18

11 Undecylic 28.7 0.11

12 Laurie 44.2 0.063

13 Tridecylic 41.1 0.038

14 Myristic 54.4 0.024

15 Pentadecylic 52.1 0.014

16 Palmitic 62.9 0.008

17 Margaric 61.3 0.006

18 Stearic 69.6 0.003

 ̂Data from Bailey (1950). Data from Markley (1960).

Unsaturation and more noticeably polyunsaturation in fatty acids has a pronounced 

lowering effect on mehing points. In monounsaturates the melting point will differ 

from the equivalent saturated fatty acid by only a few degrees when the bond forms 

adjacent to the carboxyl group. In contrast, a double bond at the methyl end can 

reduce the melting point by as much as 50°C {Gtmstone et al, 1994).
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Evidence suggests that mixtures of adjacent even-numbered fatty acids can form 

eutectics and soHd solutions. The minimum melting point, characteristic o f eutectic 

formation usually occurs at a composition o f approximately 72.5 mole % of the lower 

molecular weight component (Budde, 1968). Eutectics may be regarded as an 

intimate mixture o f one component in the other. Melting profiles o f blends of capric- 

lauric, undecanoic-lauric, and palmitic-stearic acids are shown in Figure 1.1.

7 0

so-l

55O
0

4 0 ^

8Q 10060

Wolfr %  lo w « r dc-id

Figure 1.1 Melting points of blends o f fatty acids (binary systems): capric acid 

(Cio)-lauric acid (C12), undecanoic acid (Cn)-lauric acid (Cn); palmitic acid-stearic 

acid. Reproduced from Po/Z/son, 1968.

The structural arrangement o f a 1:1 palmitic acid:stearic acid melt has been 

determined. Fatty acids had crytallised head-to-head in double-chain length structures 

{Figure 1.2). The acids were paired as P-P, P-S, S-S and S-P. The ratios o f each pair 

were not measurable {Lutton, 1967).
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P 2 , / a  P2 , PQ PI

Figure 1.2 Schematic representation of the structure of palmitic-stearic acid 

compound. Reproduced from Afor/:/ev. 1967 .

It has been illustrated that the physical and chemical properties of these acids are 

affected by carbon chain length. However, with increasing molecular weight, the 

numerical difference in physicochemical properties becomes increasing smaller. 

Towards the upper end of the series from C20 and above, unequivocable identification 

of a specific acid, based on their physicochemical properties, becomes difficult.

1.1.3.2 Polymorphism

Polymorphism is the term used to describe substances of constant chemical 

composition that can crystallise into different structures (Verma & Krishna, 1966). 

The chemical properties of such polymorphs remain unchanged, while physical 

properties like density, melting point, conductivity, specific heat and optical 

behaviour, which rely on the arrangement of atoms, may vary extensively. 

Polymorphism can arise from different types of hydrocarbons chain packing or from 

different angles of tilt with respect to the end group planes {Chapman, 1965).

Even-numbered fatty acids usually exist in four polymorphic forms, namely A, B, C 

and E. The A form of stearic acid is the rarest form and has not been studied to the 

same extent as the other polymorphic forms. This form crystallizes as a triclinic 

subcell (T||), where the zig-zag hydrocarbon chains are all parallel to each other, while 

the orthorhombic subcell (Oj.) dominates in B, C and E forms, where the zig-zag 

planes of hydrocarbons chain are perpendicular to one another {Figure 1.3).
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Figure 1.3 Hydrocarbon chain-packing alternatives as defined by the corresponding 

subcell: (a) triclininc chain packing 1|, (b) monoclinic ||, (c) orthorhombic 1 and (d) 

orthorhombic’l .  The zigzag units of the hydrocarbon chains are shown as viewed 

along the chain axes; carbon atoms, large unfilled spheres, hydrogen atoms, small 

solid spheres. Reproduced from Garti & Sato, 1988.

Even though the polymorphic forms B, C and E have a common subcell, the 

structures differ, according to the tilt of the molecules in the crystals. It is the bonds

6



Chapter I ~ Fatty Acids

forming between carboxyl groups of adjacent molecules that modify the tilt of the 

chains in the crystal, relative to the basal plane. In even-numbered fatty acids the 

crystal form A is orthorhombic, where hydrocarbons chain align vertically {Figure 

1.4). In the B and C forms, the chains are tilted with respect to the basal plane 

(monoclinic) and are defined in order of increasing tih towards the end-group plane. 

The polymorphic forms are formed as follows:

E

5
A I—sB I—sC ^zz l̂iquid 

1̂  7)

solvents

While all three forms can be obtained by varying the crystallisation technique, only 

the C form can be obtained from the melt.

Recent studies on the solution crystallization of stearic acid, reported that the C form 

is stable above 32°C, the B form is stable below this temperature, while the E form is 

metastable over the whole temperature range {Kaneko et al, 1999). This implies that 

at temperatures in excess of 32°C, solution-mediated transformation will result in the 

conversion of the B form to the C form, while at temperatures below 32°C the reverse 

will occur. FT-IR spectroscopy studies revealed that B and E forms are structurally 

similar, exhibiting the same crystal morphology; a lozenge plate with an acute 

interedge angle of 74°. Single crystals of the E form were shown to transform to the 

B form during solution crystallization from solvent. Spectral changes revealed that 

the transformation involves an alteration in structural arrangement near the carboxyl 

group, the C 2 - C 3  bond of B has gauche conformation, as opposed to the all-trans 

conformation of E.

Polytypism is defined as the ability of a substance to crystallize into a number of 

different modifications, in all of which two dimensions of the unit cell are the same 

while the third is variable {Verma and Krishna, 1966). This means that layers of 

common structure can have a different stacking sequence. Polytypism is exhibited by 

crystals of the B and E forms of stearic acid, namely Mon, a single layer structure and 

Orth II, a double layer structure {Kaneko et al, 1994) {Figure 1.4).

1
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POLYMORPHISM POLYTYPISM

monoclinicmonoclinic p seu d o -

orthorhom bic
orfhorhombic m onoclinic

Figure 1,4 Illustrations of polymorphic and polytypic modifications. Reproduced from

Garti & Sato {1988).

The C form of stearic acid has an interedge angle of 55° and does not exhibit 

polytypism, existing as a single layered structure (Mon).

It is difficult to distinguish the different polymorphs by visual inspection. 

Differentiation of polymorphic form by DSC analysis, may not be possible either, as 

on heating, rapid transformation occurs in the order A ->B^C, such that the melting 

endotherm corresponds to the C form.

Polymorphic forms of saturated fatty acids were initially identified by X-ray 

diffraction {Miiller, 1923, Slagle & Ott, 1933, Bmm, 1961). Long spacings vary with 

carbon chain length and with the tih of the molecule, while short spacings reflect 

differences in hydrocarbon chain packing {Chapman, 1965). Short spacings for fatty 

acids Ci-Cio were virtually identical in each polymorphic phase indicating that the 

packing of hydrocarbon chains was similar, suggesting that polymorphism resulted 

from different angles of tilt in the crystal lattice {Batm et al, 1961). In early work a 

photographic technique was employed to measure the long spacings of the various 

polymorphic forms, for example, polymorphs of stearic acid showed long spacings, of 

46. 15A, 44. H A  and 39.86A for A, B and C forms, respectively.

Infra-red spectroscopy has been applied to the study of polymorphic forms of fatty 

acids {Sinclair et al, 1952, Chapman, 1962, Kaneko et al, 1994, Yano et al, 1999,



Chapter 1 Fatty Acids

Kaneko et al 1999). While X-ray long spacing was shown to differ for the A, B and C 

forms of stearic acid it was using FT-IR spectroscopy that led to the discovery of the 

E form (Garti & Sato, 1988, Kaneko et al, 1994).

1.1.3.3 Chemical reactions

Within fatty acid group many chemical reactions can occur and will depend upon 

the number, placement and type of functional groups present. In saturated fatty acids 

the only readily reactive sites are at the carboxyl group and the methyl group adjacent 

to it. Therefore, stearic acid consists mainly of a long chain of unreactive methylene 

groups.

In aqueous solutions the carboxyl group will be ionised releasing ions which react 

with water molecules to produce hydronium ions (HsO^). However a solution of low 

pH will not result, as the aqueous solubility of stearic acid is very low. In contrast, 

carboxylic acids with good water miscibility will produce acidic solutions, for 

example, a solution of 0. IM acetic acid (C2) has a pH > 3.

It has been demonstrated experimentally that fatty acids are virtually of identical acid 

strength with a pKa of approximately 4.8 {Mead et al, 1986). Structural variations are 

not expected to affect the acidities of fatty acid appreciably. At physiological pH 

these acids will be about 99% dissociated. The chemical change from acid to 

carboxylate is accompanied by a dramatic increase in water solubility, the negatively 

charged carboxylate group being able to overcome the hydrophobicity of the alkyl 

chain.

Carboxylic acids can be reacted with strong alkalis such as potassium hydroxide, 

sodium hydroxide and lithium hydroxide to form soaps. Soaps have interesting 

properties and will be discussed in more detail in Section 1.6.
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1.2 ISOLATION OF FATTY ACIDS

The raw materials of the fatty acid industry comprise a heterogeneous group of fats 

and oils, from many different animal and vegetable sources. Saturated acids are 

isolated from natural sources using one or more separation procedures. Separation 

exploits the differences in physical and chemical properties between the individual 

components. It may not always be possible to isolate the desired entity directly. 

Instead, for example, saturated fatty acids may be produced by hydrogenation of 

unsaturated fatty acids. The additition of hydrogen to the double bonds is usually 

activated by a catalyst.

A process called the panning and pressing method was at one time the main method 

for production of stearic acid and oleic acid. The procedure relies upon the 

crystallisation of the saturated fatty acid in a solvent of liquid or unsaturated fatty 

acid. Crystallisation is slow, to enable the formation of large, well-defined crystals. 

The solidified stearic acids cakes formed, are transferred to a vertical hydraulic press 

and pressure is applied to express the unsaturated oleic acid liquid. A repeated cycle 

of pressure follows under steam-heated conditions, with some of the solid fatty acids 

being lost with the unsaturated liquid. This is known as double pressed stearic acid 

and has an oleic acid content of between 5-8%. For purer stearic acid, containing only 

1-3% oleic acid, another stage is required. This is termed triple pressed stearic acid 

{Pattison, 1968).

Isolation of stearic acid by crystallisation has been possible using methanol (Emerson 

process) or acetone (Armour-Texaco process) {Gunstone et at, 1994). Animal fats are 

dissolved in solvent and chilled to enable crystal formation. In the Emerson process 

this slurry of crystals is then fed to a vacuum filter to remove excess solvent. The 

filter cake formed is pumped to a solvent recovery still and resulting solid fatty acids 

are then discharged to be finished and packed as commercial stearic acid {Potts & 

Muckerheide, 1968). The Amour-Texaco method involves the same principle of low- 

temperature separation of fatty acids dissolved in an organic solvent, though the 

operational set-up is slightly varied.

Using either of these solvent methods, the grade of stearic acid obtained is a 

combination of stearic acid with the lower molecular weight palmitic acid. Further
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separation may involve distillation which is used primarily to separate saturated acids, 

of similar chain length, on the basis of differences in their boiling points. Some 

materials may require repeat distillation to increase purity of the final product.

Commercially stearic acid is produced from vegetable fat {Sigma, 2000) thereby 

avoiding issues concerning the source of animal fat, such as bovine spongiform 

encephalopathy.

1.3 COMMERICIAL USES OF FATTY ACIDS

Pharmaceutical applications oi fatty acids and their derivatives can be largely divided 

into three mains uses (a) as processing aids, (b) as pharmaceutical components or 

excipients and (c) as active pharmaceuticals. Antibiotics are prepared by a 

fermentation process that requires the use of fatty acids as antifoaming agents. 

Metallic salts of fatty acids, such as magnesium and sodium stearate as well as stearic 

acid are widely used for their lubricant properties, in granulation and tabletting 

processes.

As excipients, the major uses of fatty acids and derivatives are as emulsifiers, 

stabilisers, dispersing agents and solubilisers. The latter use has been important in the 

formulation of many water-insoluble or sparingly soluble compounds such as steroids, 

vitamins and anticoagulants. Emulsifying properties are exploited in the manufacture 

of suspensions, topical preparations and parenteral products. Their use in injectables, 

as surface active agents, demonstrates the recognition by the Food and Drug 

Administration of their non-irritant, non-toxic, non-febrile and stable qualities {Knight 

& Lehman, 1968).

As coating agents fatty acids and derivatives have the ability to mask unpleasant taste 

and odour, protect ingredients fi-om the atmosphere, and control site of action and 

release pattern. Many iron compounds are coated with a mixture of fatty acids, whose 

melting point is < 45°C. Knight & Lehman {1968) quote the work of Costello {1962), 

who patented the use of C12-C22 acids and their glyceryl esters in formulating 

sustained release products.
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The use of fatty acids and derivatives in topical applications has seen improvement in 

the quality of both pharmaceutical and cosmetic products. Emulsions can be 

produced to form either vanishing creams or more greasy products that form a barrier 

on the skin. Emollients such as stearate and palmitate esters are used to smooth and 

soften skin. The potassium salts of lauric and myristic acid have good detergency and 

lathering qualities and are thus important in shampoo and shaving products.

And finally, fatty acids and their derivatives have found applications as active 

pharmaceuticals. Dale, as quoted by Knight and Lehman {1968), used lauric, palmitic 

and stearic acid to form salts with neomycin, which demonstrated germicidal 

properties. The list continues to include products showing bactericidal, fungicidal, 

and nemotoxic qualities. Esters of unsaturated fatty acids composed of 10-18 carbon 

atoms have demonstrated active spermicidal properties and as such offer a topical 

form of contraception.

1.4 STEARIC ACID

Stearic acid, as previously discussed, is a Cig saturated fatty acid present in most 

vegetable and animal fats. Both the acid and its derivatives have many industrial 

applications. A range of commercial grades are available which vary in stearic acid 

content. The purest grade available is composed of no less than 96% stearic acid. 

Meanwhile, stearic acid is described in the B.P. and U.S.P. as being a mixture of 

stearic acid and palmitic acid. The minimum content of stearic acid is 40% and 

together with palmitic acid the content is no less that 90%. Reagent or commercial 

grade stearic acid, has a lower stearic acid content than B.P. grade, containing only 

27% stearic acid. Stearic acid/palmitic acid mixtures form a eutectic, which melts at 

a lower temperature than either of the pure components.

Phadke et al {1994) evaluated the batch-to-batch variation in the physical properties 

of stearic acid supplied by different manufacturers. They performed tests to 

determine the bulk density, tapped density, true density, specific surface area, 

moisture content, melting point and particle size, shape and appearance of the various 

samples. All properties measured were essentially the same, however, some batches 

showed a shoulder on the main endotherm when analysed by differential scanning

12



Chapter I ~ Fatty Acids

calorimetry. The cause of this shoulder was not reported. Differences were also 

demonstrated between batches and between suppliers, in surface appearance, as 

viewed using scanning electron microscopy (SEM). Obvious variations were 

apparent in the morphology of different stearic acid samples. It was proposed that 

these differences may affect their lubricant properties.

The physical and chemical properties of palmitic acid and stearic acid are dictated by 

the presence of hydrocarbon chains of 16 and 18 carbon atoms, respectively. Both 

fatty acids melt at temperatures approximately 30°C above body temperature. 

Differences between adjacent even-numbered fatty acids decrease with increasing 

molecular weight and so palmitic acid and stearic acid possess similar characteristics. 

However a mix of palmitic acid and stearic acid at eutectic composition melts at a 

temperature »15°C below the melting point of pure stearic acid.

Stearic acid is regarded as being non-toxic, being a major component of animal fat 

and a vital component of many lipids in the body. It is enzymatically biodegraded 

and as suggested by Wang and Koo (1993), is possibly hypolipidemic. This means 

that metabolism of ingested stearic acid does not result in the conversion of this 

saturated fat to substances which can affect the cholesterol level. This is in contrast to 

medium-chain fatty acids (Cn & Ch) which are oxidised and are shown to raise 

serum cholesterol {Bailey, 1996). Wang and Koo (1993) found that palmitic acid 

administered intravenously was rapidly converted to triglycerides which may 

stimulate hepatic synthesis of very low density lipoproteins, thereby contributing to 

hyperlipidaemia. Stearic acid has been referred to as neutral or hypocholesterolaemic. 

This data, however, refers to oral consumption of fatty acid, the situation regarding 

fatty acid metabolism using other routes of administration is not known.

These properties serve to reflect the suitability of stearic acid as an inert matrix 

forming material. Unlike polymeric substances, which may require vigorous toxicity 

testing and often expensive manufacturing procedures, stearic acid can be directly 

compressed to form a drug delivery system. Furthermore in comparison to polymeric 

excipients, stearic acid is classed as inexpensive.
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1.5 LIPIDS IN DRUG DELIVERY

The properties oi fatty acids and their derivatives have shown them to be very 

versatile compounds with varied uses in a range o f fields. Their potential for use in 

drug delivery systems is benefited by their natural origin which renders them 

physiologically well tolerated.

The term ‘w ax’ is usually confined to natural mixtures o f appreciable quantities o f 

esters derived from higher monohydric alcohols o f the methyl alcohol series 

combined with fatty acids {Trease & Evans, 1973). Waxes are abundant in nature and 

include vegetable products such as carnauba wax, and animal products like beeswax, 

wool-fat and spermaceti. Waxes offer a range o f  physical and chemical properties 

and have been used extensively in drug delivery systems.

The release o f  benzoic acid and salicylic acid from wax matrices ( 1 ; 1  propylene 

glycol monostearate: hydrogenated castor oil) was investigated by Schwartz et al 

(1968). Their aim was to determine the mechanism o f drug release from these 

systems. Release data was compared to the theoretical model proposed by Higuchi et 

al {1963) which shows a linear relationship between drug release and /̂l. Data was 

shown to be better described by this model suggesting that release was diffusion 

controlled rather than by a first-order process.

Griseoflilvin is an antifiingal antibiotic, which has limited solubility in both water and 

hydrocarbons. The drug exists as a very stable crystal lattice and does not exhibit 

polymorphism. Molten drug was recrystallised from hot C1-C9 alkanoic acid forming 

solvates {Ahougela & Grant, 1979). X-ray diffraction patterns o f  the solvates formed 

from acids Ci-Ce (excluding C3) appeared crystalline, while those o f  C7-C9 appeared 

amorphous. Propanoic acid (C3) did not form solvates, which was linked to its 

intermediary position between the two types o f solvates formed. They later described 

these forms as Type I solvates where hydrogen bonding was assumed to exist between 

drug and fatty acid and Type II solvates as being inclusion compounds with van der 

Waals interactions occurring {Grant & Ahougela, 1981). Decreasing solubility on 

ascending the homologous series was attributed to a disturbing influence o f  the 

hydrocarbon chain on solute-solvent hydrogen bonding. This work serves to
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demonstrate the ability of fatty acids to form solvates whose solubility is dependent 

upon chain length.

Crystalline complexes of C^-Cig fatty acids (FA) and nicotinamide (NAA) were 

formed of a 1:1 molar ration of FA to NAA, FA-NAA {Ueda el al, 1988). The 

relationship between melting point and number of carbon in the fatty acid chain was 

linear, unlike the zigzag relationship evident for even and odd numbered fatty acid 

chains in the pure form. It was suggested that the complex formed was an inclusion 

compound with hydrophobic interaction and/or van der Waals forces formed between 

FA and NAA.

In subsequent work Yokoyama et al {1993a &b) formed complexes of FA with 3- 

aminopyrdine (3AP), Many similarities were demonstrated with these complexes and 

the FA-NAA complexes formed previously, A 1:1 molar ratio of FA to SAP was 

determined and the melting point of complexes was shown to be linearly related to the 

number of carbon atoms in the hydrocarbon chain as before. However the melting 

points of FA-3AP complexes were lower than the corresponding FA melting point, 

whereas for FA-NAA systems the melting point was elevated relative to that of the 

FA alone, IR spectra revealed differences in patterns for odd and even numbered fatty 

acid complexes suggesting that the crystal structures of the two were slightly 

different.

Drug release from FA-3AP complexes was measured, and was shown to increase with 

temperatures. From determinations of activation thermodynamic quantities they 

revealed that 3AP release from these complexes was both enthalpically and 

entropically disadvantageous. Drug release from odd numbered compounds required 

a greater amount of energy, relative to those with an even numbered carbon chain. 

Activation enthalpy plotted against n, the number of carbon atoms in the fatty acid 

chain, showed a zigzag pattern with a downward convex at even-numbered positions. 

Evidence suggests that the complexes are also inclusion complexes with van der 

Waals forces and hydrophobic interactions operating.

Controlled release of radioprotective agents was demonstrated from insoluble 

matrices of ethylcellulose (EC) and stearic acid (SA), where ratio of EC:SA varied 

from 25:75 to 100:0 {Benita et al, 1984). They determined that release was in
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agreement with the Higitchi yi equation. Release from 20% drug compacts was 

increased with increasing ethylcellulose content, which was thought to be a combined 

result of increased wetting and increasing porosity. A linear relationship between the 

rate of release and ethylcellulose content was demonstrated for 20% systems of 

cysteamine hydrochloride or cysteine hydrochloride. Increasing drug loading and 

compaction pressure however showed different results for the two drugs used, which 

was attributed to differences in the internal structure of the matrices. Higher levels of 

cysteine hydrochloride and increased compaction pressure were thought to increase 

porosity and decrease tortuosity, and hence increase the rate of drug release. The 

converse was proposed for systems of cysteamine hydrochloride, even though it was 

3.6 times more soluble than cysteine hydrochloride in the buffer medium. This 

phenomenon was described in terms of an interaction perhaps between the drug and 

excipients which was enhanced by increasing compaction pressure or drug loading 

causing higher tortuosity and lower porosity values.

Ibuprofen was successfully incorporated into stearic acid microcapsules using an oil- 

in-water emulsification technique {Kagadis & Choulis, 1985). The temperature and 

stirring speed were deemed to be important production parameters with regard to 

obtaining well-defined microcapsules. Release was higher from systems of «66% 

loading, relative to those of 20% loading and decreased with increasing microcapsule 

particle size. The mechanism of release was not discussed.

Prolonged release of quinacrine hydrochloride dihydrate, a highly soluble drug was 

achieved from matrices composed of different fatty acids, fatty alcohols and waxes 

{Onay-Basaran & Olsen, 1985). They showed the effects of different manufacturing 

methods, matrix composition and matrix hardness on prolonging the release of 

quinacrine hydrochloride. The final product chosen for clinical studies was composed 

mainly of cholesterol, directly compressed at a high pressure. A small amount of 

carnauba wax was shown to extend the release to 24hr as opposed to »13hrs when 

stearyl alcohol, tristearin, PEG 20 or cetyl-ester was used instead. Release data 

suggested that a first order release process was operating.

Carnauba wax was used in the preparation of 5-flourouracil microspheres, by a meh 

dispersion method (Benita et al, 1986). Surfactants were added to improve the 

wettability of the hydrophobic wax. Hydrophilic surfactants having a hydrophilic-
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lipophilic balance (HLB) values of «15 improved drug loading by adsorbing to the 

drug particles increasing the lipophilicity of their surface and rendering them more 

wettable to the molten wax. The addition of surfactant yielded microspheres of 

greater particle size, which was attributed to an increased viscosity of the dispersion 

encouraging formation of larger emulsion droplets that solidified forming larger 

microspheres. Stirring speed showed an inverse relationship with particle size, higher 

rates resulting in smaller particles. While attempting to increase the drug loading, 

larger particles were formed, perhaps again as increased drug concentrations produced 

a more viscous melt. Statistical analysis revealed that drug release from these 

microspheres was in better agreement with a first-order model rather than Higiichi 

square root of time. The release rate was shown to increase with increasing stirring 

speed in the dissolution vessel. This was seen to indicate that release was dissolution 

controlled as the increased stirring rate was presumed to be reducing the thickness of 

the unstirred layer around the microspheres. Release increased with drug loading in 

the range 10-30%, as expected, due to increased porosity, lower tortuosity and a 

decreased insoluble wax content.

The release of theophylline from matrices of Precirol® (glycerol palmitostearate) with 

varying amounts of mannitol (15-45%) and/or hydroxypropylmethylcellulose 4000 

(HPMC) (5-20%) was investigated (Parab et al, 1986). The rate of drug release 

increased in the presence of either HPMC or mannitol. In systems where either 

mannitol or HPMC was used, release was in agreement with vf kinetics. In contrast, 

when both excipients were included in the matrix the release mechanism changed to 

first order control. The fraction of HPMC or mannitol included in the matrix showed 

a linear relationship with the diffusion rate constant.

The work of Wang (1987) focused on developing implants for delivery of insulin. He 

screened several common fatty acids, their anhydrides, and glycerides as potential 

matrix forming materials. In using materials derived from tissue components it was 

hoped that no toxic, teratogenic or immunogenic effects would be seen. Physical 

mixes of lipid and bovine insulin were compressed into discs, which were 

subsequently divided into smaller segments for implantation into diabetic rats.

Systems of lauric acid and myristic acid caused subcutaneous blisters to form within a 

few days and resulted in elevated blood glucose levels. Anhydride forms of myristic
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acid and stearic acid did not sustain normoglycaemia even in systems of 30% drug 

loading. Only two of the lipids tested showed promise, palmitic and stearic acid. 

25mg implants («0.603cm^) of 20%w/w and 30%w/w insulin loading in combination 

with palmitic acid and stearic acid respectively, were able to maintain practically 

normal blood glucose levels for a week.

Using palmitic acid as the implant forming material the study was extended to 

monitoring blood glucose levels in response to implants of 10-30% drug loading 

(0.603cm^) (Wang, 1987). As before systems of 20% insulin content showed 

reproducible onset of action and drug delivery, while systems of 10% loading had 

little effect and 30% loading caused fatal hypoglycaemia. The service life of 20% 

systems however was varied, ranging from 29-48 days. Using 15% drug loaded 

systems of 1.01 Icm^, similar blood glucose levels were obtained and service life was 

25±2 days. A set of animals were implanted with 20% insulin matrices and fasting 

was induced for 16hr. Ahhough blood glucose levels dropped, animals remained alert 

and did not experience hypoglycaemic convulsions, which is evidence that they were 

able to tolerate the dose. These studies illustrated a method of reducing blood glucose 

levels using implants. The use of direct compression in implant production did not 

adversely affect the integrity of insulin and palmitic acid.

Release from implants of 0.603cm^ (25mg) and 1.01 Icm^ (50mg) was compared 

(Wang, 1990). The desired dose appeared to be best achieved using a 25mg 

(0.603cm^) implant of 20% insulin loading. The release from implants prepared with 

palmitic acid of mean particle size 567(j,m was compared with implants of size 

reduced palmitic acid (85 |j.m). While systems of 20% loading (85|j.m particle size) 

were effective in reducing blood glucose levels to resting values, the service life of 

systems varied from 21-57 days.

Implants of 15% insulin were cut into chips of »25mg weight and various sizes. The 

service life was shown to decrease with a progressive reduction in implant size. A rod 

of equivalent weight, diameter of 3 mm and 20% drug loading was shown to display 

similar release to a segment of the same loading. Normoglycaemia was maintained 

for 49±7 days.

18



Chapter 1 ~ Fatty Acids

Two 25mg (0.603cm^) implants of 20% insulin and palmitic acid were administered 

both orally and rectally and failed to show an effect. In contrast a single system 

implanted intra-peritoneally yielded similar resuhs to the subcutaneous route. A 

limitation of this work is that neither insulin levels nor in vitro data were reported.

Fatty acids have been used in insulin delivery systems, where they have been shown 

to render the protein hormone more lipophilic, hence enhancing oral absorption 

{Mesiha et al, 1994). Desolvated emulsions were formed from fatty acids and insulin 

in the presence of sodium glycocholate (bile salt). The hypoglycaemic effect was 

greater from these emulsions where the bile salt and fatty acid were combined, the 

response increasing slightly with increased drug loading. By comparison the 

reduction in blood glucose level in response to systems of palmitic acid was more 

pronounced than for systems of stearic acid or lauric acid. Unsaturated derivatives, 

palmitoleic acid and linoleic acid were not as successfril in lowering blood glucose 

levels.

A factorial study was designed to investigate the effect of drug and carrier particle 

size (63-125|am & 250-500|o,m), compaction pressure (2 & 3.5 tons) and drug loading 

(5% & 20%) on bovine serum albumin (BSA) release from stearic acid matrices 

{Kaewvichit & Tucker, 1994). Release in isotonic buffer pH 7.4 was shown to be 

affected by drug loading and particle size of the two components. At 5% loading 

greater release was achieved using larger BSA particles, relative to smaller particles, 

while there was no significant difference between small and large stearic acid particle 

size. The particle size of BSA and stearic acid affected release in systems of 20% 

drug loading. The lowest release was from compacts where both components were of 

63-125nm particle size. In systems of large stearic acid the small BSA particles were 

thought to cover the surface of the stearic acid particles thereby forming a greater 

number of interconnecting channels. With small stearic acid particles, the inclusion 

of large BSA particles improved the extent of release probably by increased surface 

release.

The use of myristic acid, palmitic acid and stearic acid as carrier materials was 

compared {Kaewvichit, 1994). Longer chain acids were able to delay drug release to a 

greater extent. Within 8hr, systems of myristic acid of 5% and 20% BSA content had 

released their entire drug load. Using fatty acids of higher chain length the release
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period was extended. Compacts of 5% and 20% BSA loading with palmitic acid 

(Ci6), released 20% and 90% of their drug load, respectively, after 96hrs, while stearic 

acid (Ci8) systems of equivalent drug loading released 10% and 47%, respectively. 

SEM revealed that incomplete packing was apparent in compacts of BSA and myristic 

acid ( C m ) as demonstrated by cracks on the matrix surface. Release from all systems 

deviated from first order and square root of time equations.

Rohson et al {1996) prepared cefuroxime axetil-loaded stearic acid microspheres, by a 

spray chilling process. Release plotted versus vf was reasonably linear. Changes in 

surface appearance, after dissolution, suggested that matrix erosion was occurring. As 

a result of further work on drug-free microspheres, they concluded that drug release 

was most likely to be controlled by disintegration of the stearic acid matrix {Robson et 

al, 1997). The disintegration process was ascribed to an interaction between the fatty 

acid with buffer (Sorensens pH 7). SEM studies of microspheres after dissolution 

demonstrated this effect, whereby surface changes were seen in drug-free 

microspheres. DSC analysis revealed time dependent changes in the melting profile 

of stearic acid microspheres. An additional endotherm was seen at »69°C, which 

increased in size with increasing time spent under dissolution conditions. They 

postulated that this interaction relied on the presence of sodium ions in the dissolution 

medium.

A biodegradable device was produced using a new class of polyanhydrides, poly 

(fatty acid dimer-sebacic acid) (P(FAD-SA)) {Park et al, 1997). The release 

mechanism of radioactive labelled mannitol, inulin and stearic acid from such devices 

was investigated. The authors hoped that the device would display release by surface 

erosion only, release therefore being independent of the physicochemical properties of 

the drug. The solubility of stearic acid was «450 and 7000 times lower than those 

values determined for inulin and mannitol, respectively, in the various buffers. 

Release of stearic acid was therefore always much lower than the other drugs, even 

under alkaline conditions which promoted erosion of the polyanhydrides. Overall it 

was demonstrated that pH of dissolution medium, molecular size and 

hydrophilic/hydrophobic nature of the drug all affected the amount and duration of 

drug release, and the release kinetics.
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High pressure homogenisation o f a melted lipid (Dynasan 112) was used to produce 

solid lipid nanoparticles (SLN) {Schwarz et al, 1994). SLN are suitable for use in 

intravenous products, the average particle size being less than 5|o,m. In subsequent 

work {Muller et al, 1995) SLN were loaded with up to 9.8% prednisolone and 

prolonged in vitro release was demonstrated over 5 weeks. Physical stability o f SLN 

was demonstrated both during sterilisation by autoclaving and when formulated as an 

aqueous dispersion.

1.6 LIQUID CRYSTALS

The liquid crystalline state was deemed by Lehmann in 1904 to be the fourth physical 

state o f  matter, possessing characteristics both o f liquids and o f  crystalline substances. 

These systems possessed some degree o f order and some degree o f fluidity {Small, 

1988). Most compounds exhibiting this behaviour have molecules that are elongated 

and possess one or more polar group.

/. 6.1 Anhydrous Soap

In simple crystals, binding forces are isotropic and melt at a single temperature. 

However, in complex substances, the lattice forces are anisotropic and, when heated 

pass through one or more distinct, stable intermediate phases {Void & Void, 1939). 

Such phases are known as liquid crystalline phases. Salts o f  saturated fatty acids 

(soaps) exhibit this behaviour. A study o f the anhydrous sodium salt forms o f C6-C22 

saturated fatty acids identified five stable phases and named them, subwaxy, waxy, 

superwaxy, subneat and neat phases {Void et al, 1941).

The thermotropic phase changes o f sodium stearate are shown in Figure 1.5. The 

transitions between phases are indicated by various techniques. One o f  the earliest 

studies o f  sodium stearate was reported by Void et a l {1940). Using hot stage 

microscopy they defined a number o f different textures occurring during the melting 

o f anhydrous sodium stearate, as listed at the top o f Figure 1.5. Dilatometry studies 

reflected changes in the volume-temperature curve, which appeared to correlate with 

the phase changes observed by microscopy. Major thermal events occurred between 

curd and subwaxy, and between subneat and neat phases, the changes in enthalpy for
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these transitions were correspondingly higher than for other transitions. These major 

transitions correspond to chain melting where the crystalline structure (curd phase) 

melts to form a two-dimensional rectangular liquid crystalline state (subwaxy) which 

subsequently melts to form a lamellar lattice (subneat->neat). Different X-ray long 

spacings and NMR patterns were evident for the various phases.

Microscopy

Dila tometry

DTA

Enthalpy —

NMR
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spac ing  (A),Q^g 

short
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Figure 1.5 Thermotropic phase changes of anhydrous sodium stearate. Reproduced 

from Small {1988).
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The transition temperatures between phases were determined for fatty acids of C12- 

Cig. Ahhough similar, the values were affected by hydrocarbon chain length {Small, 

1988). There was a slight trend towards increasing transition temperature for the 

curd-subwaxy transition with increasing chain length. However this trend was 

reversed for most other transitions with increasing chain length promoting a lower 

transition temperature. At low temperature the change from crystalline hydrocarbon 

chain to liquid hydrocarbon chain was a function of the cohesiveness of the 

compound, whereas at higher temperature the longer chain appeared to drive the ionic 

lattice apart. This transition occurred at lower temperatures in longer-chain 

molecules.

Similar to the pure acids, soaps of fatty acids exhibit polymorphism. Four crystal 

forms of potassium stearate have been identified and named A, B, C and D, in order 

of increasing tilt of the hydrocarbon chains {Gunstone et al, 1994). The subcell unit 

of A and C forms, is monoclinic while that of B is triclinic.

/.  6.2 Sodium Stearate- Water Systems

Soaps hydrate to form a variety of liquid crystalline states. Water penetrates the polar 

region (carboxyl group) and a lamellar soap-water structure is formed with water 

layers alternating with lipid bilayers.

At a water content of up to about 10% water, the phases formed with increasing 

temperature are characteristic of the anhydrous soap {Figure 1.6). At concentrations 

above 10% water, there is small region in which at least two intermediate phases are 

formed, named neat (N) and superneat (SpN). The neat phase can incorporate up to 

about 40% water. With increasing water content marked changes in transition 

temperatures are seen, with the neat phase forming in systems of 37% water at 70°C, 

rather than at 240°C as for anhydrous systems.
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Figure 1.6 Condensed phase diagrams of sodium stearate-water systems. Physical 

states indicated on the left are IL, isotropic liquid; N, neat, SbN, subneat; SpW, 

superwaxy; W, waxy, SbW, subwaxy, SpCurd, supercurd. Reproduced from Small, 1988.

In systems containing approximately 50% water, middle soap (M) is formed, as 

characterised by a hexagonal I liquid crystalline lattice, as seen using polarised 

microscopy. At water concentrations above 80%, sodium stearate will meh directly to 

form an isotropic liquid (l.L), which is made up of rod-shaped micelles at high soap 

concentrations.

The solid line that separates the liquid crystal phases from the isotropic liquid (l.L.) is 

known as Tc, and is the boundary line between crystalline chains and melted chains. 

The line separating the curd phase from liquid crystalline phases, demarcates an area 

in which major molecular rearrangement occurs.

The soaps and hydrated soaps of fatty acids display properties which differ 

substantially from the parent fatty acid. Soaps have an extremely high solubility 

relative to fatty acids and as such they act as detergents, form micelles and can 

solubilise insoluble substances such as fats, oils and proteins. The solubility, 

however, rapidly decreases with increasing hydrocarbon chain length (Markley, 

I960).
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1.6.3 Acid Soaps

Another interesting feature of fatty acids is their ability to form acid-soaps {Cistola et 

al, 1986 & 1988, Lynch et al, 1996 and Lynch, 1997). These are a group of molecular 

compounds that form between neutral acids and soaps, the crystals are therefore 

composed of carboxylic acid and metal carboxylate ions pairs. The amount of 

carboxylic acid and metal carboxylate ion pairs is defined by the formula MxHyAz, 

where M is the metal ion (Na^ or K ), H is hydrogen and A an alkanoate ion of the 

form CH3(CH2)nC00‘, where n is between 6-20. It therefore follows that x+y=z.

Acid-soaps can be produced in one of three ways from mixtures of acid and soap; (1) 

in an organic solvent, (2) at temperatures above the melting point of the acid, at which 

point the soap will dissolve, (3) by precipitation from aqueous systems at the 

appropriate pH and temperature {Small, 1988). The acid-soap crystal unit cell is 

unique and differs from the pure components. The head group region consists of fatty 

acid and metal carboxylate ions pairs bonded in a different way than in the fatty acid 

or soap crystal. Infrared spectroscopy scans showed that two distinct carbonyl 

carbons existed, indicative of the individual components, though different from scans 

for the pure materials (Lynch, 1997).

Numerous phases are generated during crystal preparation by using different solvents 

and cooling conditions. The variety of crystal forms exhibited by pure acid or salt 

form is reflected in the array of crystals that may be present in acid-soap systems. 

Five forms of stearic acid-sodium stearate crystals have been reported of ratios 1:5, 

2:5, 2:3,1:1 and 3:2 acid:soap. In addition the presence of different polymorphic 

forms have also been reported for palmitic acid-sodium palmitate systems both of 1:1 

{Buerger, 1945) and 1:2 acid:soap ratios {Lynch et al, 1996).

Cistola et al {1986) studied the physical properties in water of a series of 1:1 acid- 

soap compounds formed from saturated fatty acids and potassium soaps (Cio-Cig). 

Three endotherms were observed by DSC corresponding to the melting of crystalline 

water and of crystalline hydrocarbon chains, followed by decomposition of the acid- 

soap into the free acid and soap form. Low angle diffraction patterns revealed a 

change in crystal structure with increasing water content from crystalline (20%water), 

to a two-dimensional hexagonal lattice (40% water), to a one-dimensional lamellar 

lattice (50% water). This study reflects the complexity of the behaviour of acid-soap
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systems in the presence of water. The interactions increase in complexity with longer 

chain acid-soaps and no doubt will vary for acid-soap systems of ratios other than 1:1. 

Acid-soaps were seen to swell in water, the degree of swelling being greater than for 

pure soaps (Small, 1988).

Equilibrium titration curves were obtained for fatty acids in water at temperatures 

both above and below the melting points of the fatty acid and 1:1 acid-soap, and 

above and below critical micelle concentration {Cistola et al, 1988). Five regions 

were defined at pH levels of <7, «7, between pH 7-9, at a;pH 9 and > pH 9. At 

physiological pH between pH 7 and 9 the predominant phase formed was the lamellar 

fatty acid/ soap (or crystalline 1:1 acid-soap) phase. While the pKa of monomeric 

fatty acids in water was previously reported as equalling 4.8 {Cistola et al, 1982\ it 

was reported in this later study {Cistola et al, 1988), that experimentally determined 

values were actually higher, ranging from between pH 6.8 to 8.5. It was proposed that 

the higher pKa values observed for medium and long chain fatty acids were as a result 

of their self-association into lamellar of crystal aggregates, where the protons were 

sequestered at the bilayer surface.

The behaviour fatty acids, their sodium salt form, and acid-soap compounds are 

very complex, especially in the presence of water. While many authors have 

extensively characterised fatty acids and related systems {Miiller, 1923, Slagle et al, 

1933, Void et al, 1940, Batm et al, 1961, Cistola et al, 1988, Lynch, 1997) little has 

been reported on mechanism of drug release from fatty acid systems. In the course of 

this thesis the factors affecting release from stearic acid compacts and the mechanism 

of drug release, were investigated. Initial studies employed the use of benzoic acid as 

a low molecular weight model compound, while subsequent studies assessed the 

release of insulin, as a model polypeptide.
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2.1 INTRODUCTION

An understanding of the manner in which drug is released from a specific device is of 

utmost importance in the design of drug delivery systems. Depending on the type of 

active agent and on the disease being treated, constant drug concentrations, 

periodically changing drug levels, or even more complex kinetics are desired 

{Siepmaim et al, 1998). If the release mechanism in vitro is fially understood the 

chances of developing an in vitro/in vivo correlation are enhanced. With an accurate 

description of release in vivo, based on kinetic parameters from in vitro studies, the 

necessity of performing animal work is removed.

2.2 DISSOLUTION & DIFFUSION

The dissolution rate can be defined as the amount of drug that goes into solution per 

unit time under standardised conditions of liquid/solid interface, temperature and 

solvent composition (Ahdou, 1989). Drug release is therefore a two step process 

involving, primarily, reactions at the surface of solid drug, and transport of the 

solution from the surface into the surrounding media. Generally this phase is fast and 

it is the transport mechanism, such as diffiision, that dictates the rate of drug release.

Diffusion is defined as a process of mass transfer of individual molecules of a 

substance, brought about by random molecular motion and associated with a 

concentration gradient {Martin, 1993). One of the earliest studies of diffusion was 

performed by Pick, who subsequently presented his first law of difftjsion:

= -D . Equation 2.1
dx

where Jix is the “diffusion current” or flux of material flowing perpendicularly 

through a unit surface area, A  is the diflfiasion coefficient and dc/dx is the 

concentration gradient. This equation describes diffusion in one dimension only.
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Pick’s first law is used to determine the flux in a system displaying a steady state of 

flow. Where the concentration of drug changes with time at any distance x, diffusion 

is described by Pick’s second law;

Nernst {1904) explained dissolution in terms of film-model theory, whereby 

dissolution of a solid particle involved firstly, the formation of a stagnant layer or film 

of solution, h, around the solid drug particle and secondly, the diffusion from this 

layer at the boundary into the bulk of the medium. Nernst and Brunner {1904) 

defined an expression, based on Pick’s first law and the theory proposed by Nernst, to 

account for the effect of the diffusion coefficient, D, the surface area of the exposed 

solid, S, the volume of dissolution media, v, and the thickness of the stagnant layer, h.

In practice, dissolution studies are normally performed under sink conditions, which 

implies that the volume of medium is sufficiently large so that C, never rises above 

10-15% of its maximum solubility. Under these conditions G > >  G  and so Equation 

2.3 reduces to:

Hixson & Crowell {1931) defined an equation {Equation 2.5) to account for changes 

in surface area that can occur during dissolution. Recognising that the surface area of 

a particle is proportional to the two-thirds power of its volume they derived what is 

known as the Hixson-Crowell cube-root law:

2 Equation 2.2
dx dx

Equation 2.3

dc _ DS ^ Equation 2.4
dt vh

Equation 2.5
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where is a constant incorporating the surface-volume proportionality and the 

dimensions of the cube root per unit time. This relationship applies to tablets where 

dissolution takes place normal to the exposed surface, and assuming that dimensions 

decrease proportionately, then the exact initial geometric shape of the tablet is 

maintained at all times.

2.2.1 Hydrodynamic Boundary Layer

The diffusion layer thickness, also known as the hydrodynamic boundary layer, can 

be determined by assessing the release mechanism from systems of pure drug. For a 

compressed disc which is cylindrical in shape the weight is given by:

W = p  ^  ^  Equation 2.6

where x is the diameter and y  the height of the disc, and p  the density of the material 

{Ballard & Nelson, 1962).

If the diameter and height of the disc decrease uniformly with time, then the following 

relationship applies:

dx/dt=-k Equation 2.7

dy/dt=-k Equation 2.8

where k is the rate of decrease in diameter and height with time.

On integrating Equation 2.7 and Equation 2.8 and evaluating the constant of 

integration at zero time, it follows that:

x=xo-kt Equation 2.9

y  =yo-kt Equation 2.10

The change in disc weight with time is therefore calculated by the expression:
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Eqtiation 2.11

Equation 2.11 assumes an equivalent rate of change of both diameter and height, if 

however, these rates differ, then Equation 2.11 becomes:

W = ~ ( ^ o  “  CVo ~ Equation 2.12

where ki and k2 represent the rate of change of diameter and height, respectively The 

rate of change of weight of the disc with time is determined using the derivative of 

Equation 2.12\

dW Tik, Kk̂   ̂ 2x Tik.k  ̂ j= p - ^ { 2 x ^ y ^ - l k ^ y ^ t )  + p ^ { x ^  ) +p — ^ { } k , t  -4x„/) 
dt 4 4 4

Equation 2.13

The surface area of a cylindrical disc {Ac) is calculated by:

=  2k

1

+ I n y  = ^ x ^  + Tvxy Equation 2.14

Fitting obtained dissolution data to Equation 2.12 yields estimates of ki and ^2- In the 

current work these estimates were employed with Equation 2.13 to simulate the rate 

of change of weight versus time over a predetermined time period. Simulated rate 

data was then fitted to Equation 2.14 and the Noyes-Whitney equation {Equation 2.15) 

simultaneously allowing calculation of Ac

 =  Equation 2.15
dt h

With an estimate of Ac Equation 2.15 can then be solved for h.
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2.3 RELEASE KINETICS 

2.3.1 Zero- Order Release

Systems exhibiting zero order kinetics, release drug at a constant rate that is 

independent of initial drug loading:

A/, -  Equation 2.16

where Mt is the mass of drug released at time t, and ko is the zero order release rate 

constant. A plot of M t versus time will be linear, with a slope of ko.

Foster and Parrott {1990) obtained approximately zero order release from multiple- 

layered matrixes of hydrogenated castor oil (HCO), Ephedrine hydrochloride or 

procaine hydrochloride were combined with HCO either as a physical mix or as a 

congealed and milled melt, and compressed into bilayered or trilayered compacts. 

These compacts were coated with paraffin allowing release from the surface face 

only. The release obtained reflects the ability to achieve constant release rates from 

systems of a relatively simple design.

Transdermal reservoir devices are typically designed to exhibit zero order release. 

Drug is present as a saturated solution and is released onto the skin surface by a rate 

controlling membrane. The administration of nicotine and nitroglycerin has been 

achieved using such dosage forms.

Zero order release has also been achieved from devices of specific geometry. The 

purpose of altering matrix geometry is to increase the available area of drug so as to 

compensate for the increase in diffusion distance of drug transport. Hsieh et al {1983) 

achieved zero order release of bovine serum albumin at a rate of 0.5mg/day over a 60 

day period. The delivery device was a hemispheric polymer-drug matrix laminated 

with an impermeable coating, except for an exposed cavity in the centre face. While 

devices successfully delivered drug at a constant rate, the authors encountered 

problems in the complex fabrication process of these systems, namely, obtaining 

uniform coating and cavity opening. There was also concern over the applicability of
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these systems for in vivo studies as paraffin, which was used as the coating material, is 

brittle and incompatible with tissue.

Bechard and Me Mullen (1986) obtained zero order release from fused, polyethylene 

disk matrices. In these systems matrices were inwardly tapered such that there was an 

angle between upper and lower face of the device, which was coated with wax, and 

then perforated in the centre to enable drug release. The authors based their design on 

a regular round shaped tablet with they believed was a more appropriate shape than 

hemispherical systems as previously discussed.

2.3.2 First Order Release

Wagner (1969) defined a relationship based on the assumption that the exposed 

surface area of a tablet exponentially declines with time. In terms of drug release, the 

first order release equation (Equation 2.17) is appropriate where the mass of drug 

released decreases exponentially with time:

(1 - * ’' ) Equation 2.17

where Wt is the mass of drug released at time t, is the mass of drug released at 

infinity, and k/ is the first order release rate constant in units of reciprocal time.

Renita et al (1986) fitted release data for 5-flourouracil/carnauba wax microspheres to 

both the Higuchi matrix model and the first order equation. The latter, was 

statistically shown to give a better description of drug release. Similarly, 

sulphadiazine release from albumin microspheres followed first order kinetics (Shah 

et al, 1987).

Prolonged release of quinacrine hydrochloride, a highly water-soluble drug, was 

obtained by forming solid matrices with different fatty acids, fatty alcohols, polymers 

and waxes, used individually or in various combinations (Onay-Ba§aran and Olsen, 

1985). The relationship between the amount of drug released and time was indicative 

of a first order release mechanism.
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2.3.3 Square Root o f Time Release

Hignchi (1961) defined an equation to describe the release of suspended drug from 

ointment bases. The assumptions of this model are that (a) the average diameter of 

suspended drug particles is much smaller than the thickness of the applied layer, (b) 

the amount of drug present is substantially higher than the solubility of the drug in the 

vehicle (C o » C s ) ,  (c) the ointment is completely immiscible with the surface to which 

it is applied, which therefore constitutes a perfect sink for released drug.

The model was also applied to drug release from solid matrices where the drug is 

randomly dispersed throughout the matrix (Higuchi, 1963). Two types of systems 

have been assessed (1) where drug is present in a homogenous matrix, release 

involving diffusion through the matrix into the surrounding medium {Equation 2.18) 

(b) drug is leached by dissolution medium which penetrates the matrix through pores, 

cracks and intergranular spaces, dissolving the solid drug and then releasing it by 

diffusion through these solvent-filled pores {Equation 2.19):

where O, is the amount of drug released at time t per unit area of exposure, Do is the 

diffusivity of the drug in the homogeneous matrix, Cj is the solubility of the drug in 

the matrix, A is the amount of drug present per unit volume.

where Q is the amount of drug released per unit surface area. Do is the diffusion 

coefficient of the drug in the dissolution media, s  is the porosity of the matrix, r  is a 

tortuosity factor, A the content of drug in the insoluble matrix, Cs is the solubility of 

the drug in the dissolution media and time is t. Equation 2.18 is used to describe 

release fi'om homogenous monolithic matrices, while Equation 2.19 is applied to 

release fi'om granular matrix systems.

Equation 2.18

Equation 2.19

Release that is linearly related to square root of time indicates that a diffusional 

release process is operative. The tortuosity factor (z) allows for a reduction in the
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release rate due to increased path length for diflflision, that is, it accounts for the 

internal pore geometry, in terms of branching and bending of pores. The porosity (s) 

term Equation 2.19 accounts for void spaces that reduce diffusivity in the leaching 

portion of the matrix.

Equation 2.19 can be simplified to:

O = k 4 t Equation 2.20

where k is the Higuchi release rate constant. Bonny and Leuenberger (1991) modified 

the Higiwhi equation to include an intercept to account for release data in which 

linearity did not extend to zero time:

0  = a + kyft Equation 2.21

where Ar is the vf release rate constant and a is an intercept.

Equation 2.20 can be adjusted to account for a lag time. This enables improved fitting 

for systems in which there is a lag period prior to drug release.

O = k ^ t  -  tg Equation 2.22

The Higuchi equation {Equation 2.19) accounts for drug release from a planar surface. 

The author also defined an equation to describe release from spherical systems. 

Cobby et al {1974a) defined an equation, with respect to the work of Higuchi, to 

predict release from cylindrical, spherical and biconvex systems:

=G.^K^4t -G 2 {K ^4 tY  +G^{K^4t f  Equation 2.23

where
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Equation 2.24

where/, is the fraction released at time t, Gj- G3 are shape factors, Kr is the Cobby 

release rate constant, ro is the radius and all other terms are as described previously 

for Equation 2.20. Values of G1-G3 for spherical and cylindrical systems are listed in 

Table 2.1, where q equals the initial radius divided by half of the matrix height. In 

using this equation it is possible to predict the changes in release rate from different 

shaped systems.

Table 2.1 Values of shape factors in release expressions for spherical and cylindrical 

systems.

Tablet Shape Shape factors

G, G2 Gs

Cylindrical q+2 2q+l Q

Spherical 3 3 1

As for the Higuchi equation, the Cobby equation can be adjusted to incorporate a lag 

time, to {Cobby et al 1974b).

Equation 2.25

These equations can be simplified by removing the term sCs which often is so small 

as to make it negligible. For example, with a stearic acid compact containing 20% 

w/w benzoic acid, A is equal to 0.215g/cm^, e is 0.152 and Cs is 0.01204g/cm^. 

Therefore {2A - sCs) which equals 0.428, is very close in value to 2A which calculates 

as 0.430. This represents a difference of only 0.4%.

The porosity term e in Equation 2.19 is the sum of initial tablet porosity and the 

volume of free space created by leaching of drug {Equation 2.26). The constant K, in 

the same equation, is the specific volume of the drug and is calculated as 1/density of
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the drug {Higtichi, 1963). The actual volume of drug is therefore equal to KA. Where 

the initial tablet porosity {eo) is negligible then e is essentially equivalent to KA. The 

adjusted Higiwhi equation {Equation 2.27) implies that Q is linearly related to A, that 

is, the amount of drug released is proportional to

for the Higuchi equation.

Siegel {1989) presented an overview of mathematical modelling of drug release from 

porous polymers. As in most systems, diffusional release is operative he explained 

the need for a better understanding of pore structure and geometry. The contributing 

effects of porosity and tortuosity were defined as a ratio in a single term “F ’, the 

formation factor, which summarised the effect of pore geometry and topology on 

diffusion. Because the pore structure can only serve to retard diffusion, values of F  

(s/ t) will be <1, where values close to 1 imply that the pore structure is having a 

minimal effect on diffusion. The following relationship applies:

= FD^ Equation 2.28

where Defis the effective diffusion coefficient, F  is the formation factor and Do is the 

aqueous diffusion coefficient of the drug. In view of this ratio, the Higuchi equation 

becomes;

where F  is the ratio of s/ t , and all other parameters are as previously described for 

Equation 2.19.

£■ = £„+ KA Equation 2.26

Equation 2.27

where p  is the density of the drug (g/cm^) and other terms are as described previously

Equation 2.29
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The Higuchi square root law has been widely used for data fitting purposes (Higiichi, 

1968; Goodhart et al, 1974; Cobby et al, 1974; Fessi et al, 1978; Benita et al, 1984; 

Parab and Ritscel, 1986). Schwartz et al {1968) applied the Higuchi model to 

sulphanilamide-wax systems. Initial release, which appeared to deviate from 

linearity, was attributed to the release of surface drug before the matrix diffusion 

model took control. Phenylpropanolamine hydrochloride was also released from wax 

matrix systems by a diffusion mechanism, the amount released being linear with 

square root of time. Furthermore, the penetration of dissolution media into these wax 

matrices was proportional with square root of time {Goodhart et al, 1974). They 

estimated the penetration rate by measuring compact height following dissolution, 

then removing the hydrated layer to expose the dry layer underneath.

Fessi et al {1978) reported limitations of the Higiichi square root equation for 

insoluble matrices with a high content of soluble drug. An initial lag phase was 

evident, which was defined as being the result of a dissolution-rate limiting step. 

Drug release was then linear with respect to square root time up to critical time point, 

which was determined as being the time at which the dissolution medium had 

completely penetrated the matrix system. Beyond this time the concentration of drug 

available for release no longer exceeded the maximum solubility (Cj) and so the 

release rate fell below that predicted by the Higiichi equation. A second linear phase 

of drug release versus square root of time was seen, suggesting that simple diffusion 

was operative. Stamm and Tritsch {1987) reported a similar change in the mechanism 

of drug liberation beyond a critical time, which they ascribed to differences in matrix 

density.

The sustained release of theophylline from Precirol® (glycerol palmito-stearate) 

matrices was studied in the presence of the excipients HPMC 

(hydroxypropylmethylcellulose) and mannitol {Parab et al, 1986). When the 

excipients were used individually, release was in agreement with diffusion controlled 

square root of time kinetics. However, when both excipients were included in the 

same formulation, the release data was better described by a first order equation.

Carteolol hydrochloride matrix tablets were formed using Eudragit® RS and 35%w/w 

loading of a series of fillers, namely, Encompress®, mannitol, polyethylene glycol 

6000 and lactose {Fernandez-Arevelo et al, 1992). In systems where the drug-
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excipient mixtures were wetted with isopropanol-acetone mixtures, best fits of release 

data were obtained using the Higuchi equation. The exception was for lactose 

containing systems where release was better described by first order kinetics.

Water-soluble inorganic (potassium chloride) and organic drugs (ephedrine 

hydrochloride and procaine hydrochloride) were incorporated with wax by a meh 

coating process, forming hydrophobic matrix systems (Dreddn, 1998). Various 

mathematical models were applied to investigate the drug release process (cube-root, 

square root, two-third root, first order). It was concluded that both the ratio of raw 

materials and the chemical properties of drug and wax affected the rate of release 

from these systems.

2.3.4 Furth er Release Equations

Ritger and Peppas {1987) defined a simple empirical equation describing solute 

release by diffusion from non-swellable devices. For the purpose of this thesis Q 

values are used instead of the fraction released {Mi/Mao).

where O is the amount released per unit exposed surface area at time t, k is a constant 

and n is the diffusional exponent indicative of the transport mechanism. Release from 

cylindrical systems, where n is 0.45, is by Fickian diffusion. Anomalous (non- 

Fickian) transport is assumed where 0.45<«<1.00 and n values of 1.00 imply that zero 

order release is occurring. These limits vary slightly for release from planar or 

spherical systems.

Ford et al {1991) proposed an extended model of Equation 2.30 which corrects for a 

lag period. They attributed a lag period as being equivalent to the time required to 

hydrate the system and allow penetration of the dissolution media. Fitting data to this 

adjusted model {Equation 2.31) allows the calculation of a lag time, where 

appropriate.

Q = kt'' Equation 2.30

0  = k { t - t , ) Equation 2.31
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where O is the amount of drug release per unit exposed surface area (g/cm^), k is the 

release rate constant (g/cmVmin"), t is the time, to the lag time and n is the diffusional 

exponent for drug release.

MoUo (1999) defined an equation to account for an initial drug burst followed by 

matrix diffusion in cylindrical systems:

Equation 2.32

where/to/is the total fraction of drug released at time /, /&«, is the fraction released by 

burst at infinity, kb is the release rate constant of the burst, q is the ratio of the radius 

to half the initial tablet height and Kr is the vf release rate constant as defined by 

Cobby. The initial burst in drug release is attributed to soluble drug particles present 

on the matrix surface, which are directly exposed to the dissolution medium and are 

released by a first order mechanism. This model was shown to describe amoxycillin 

release from polymer matrices prior to the polymer degradation phase {Mollo, 1999).

2.4 PERCOLATION THEORY

Percolation theory derives it names from a problem in the study of flow through 

porous media {Siegel, 1989). It is a statistical tool that was presented in the 1950s by 

Broadhent and Hammersley to explain the behaviour of disordered systems. The 

theory supposes the existence of a regular underlying lattice. In the context of binary 

mixes, drug and insoluble matrix particles are assumed to be randomly located at a 

particular site within an infinitely large lattice. Site percolation defines a cluster as a 

group of similar particles which occupy neighbouring sites, whereas bond percolation 

extends the definition to neighbouring particles between which, bonds are formed 

{Blattner et al, 1990). Only clusters of drug particles which border the surface of the 

matrix will be released into the surrounding medium.

At low drug loading, which coincides with low porosity, only surface drug will be 

released, the remainder encapsulated within the inert matrix {Figure 2.1a). As drug
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loading increases the probability of cluster formation increases such that a small 

amount of drug located internally may be released, through contact with other drug 

particles, as dissolution results in pore formation {Figure 2.1b). At a certain critical 

porosity, namely 6c, a matrix-spanning network of pores is formed such that 

dissolution medium may percolate the system {Figure 2. Ic). However there are still 

many drug particles present either as isolated pores or in a non-percolating cluster 

(finite cluster). On increasing the porosity further, as at high drug loading, these 

isolated pores are recruited into the percolating network.

(a)
 ̂ o

•
^ o o «

• o

o
o

o•

(b)

Figure 2.1 Stages of formation of a percolating pore where (o) represents a drug 

particle that is isolated, whereas (•)  represents drug particles that are in contact with 

or connected to the surface of the matrix by other drug particles: (a) s «  8c, (b) e <

Sc, (c) e = Sc and (d) s >Sc.

Siegel et al {1989) observed this behaviour in slabs of ethylene vinyl acetate 

copolymer (EVAc), through which bovine serum albumin (BSA) had been dispersed. 

Incomplete release was seen at time infinity for systems of low drug loading, up to a 

certain critical porosity. Beyond this porosity, rapid release was evident, the total 

fraction released increasing with drug loading. A plot of fraction released at infinity 

(fcx) versus fw as sigmoidal in shape. At low porosities the fraction released increased 

only slightly with increasing porosity. A critical porosity range was defined where 

increasing porosity brought about much greater changes in the fao. This region was 

defined as corresponding to the transition from the regime where a small fraction of
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drug is released to a regime where almost all of the drug is released. Eventually this 

rate of change decreases at high porosity where the matrix no longer controls release.

The percolation threshold porosity ec, is defined as the porosity below which all pore 

clusters are finite and above which there exists a pore cluster of infinite extent {Siegel, 

1990). Predictions of the percolation threshold have been presented based on the 

probability that a particle belongs to a percolating pore {P^, which by definition will 

be zero at porosities below Sc. The co-ordination number z is an important lattice 

parameter which defines the number of nearest neighbours to each site. In two- 

dimensional systems, hexagonal and triangular systems are most often studied which 

have z values of 3 and 6, respectively. For three-dimensional systems the simple 

cubic lattice is most often assumed where z=6. Just above Sc the following 

relationship applies:

where P(s) is the probability of a drug particle belonging to an infinite cluster and /? is 

a scaling factor, where /feO. 14 for all 2-D lattices and yfeO.4 for 3-D systems.

However, with reference to drug release from porous systems this law, is not always 

applicable as drug particles in contact with the matrix surface can be released without 

being involved in an infinite cluster. Mathematically this means that at a given 

porosity the fraction released at infinity Fco > P(s). Alternatively, the steady state 

diffusive flow in randomly porous systems can be studied. The topological 

contribution to the formation factor is expressed as:

where J(e) is the diffusive flux through the lattice. Above the critical porosity, 

predicted values of P(e) rise sharply while values of a(e) show a more gradual 

increase. Just above Sc.

p{8)~{s-sy Equation 2.33

Equation 2.34

a { e ) ~ { s - s y Equation 2.35
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where ju «1,3 for regular 2-D lattices and jlĥ I  for 3-D lattices. A more gradual 

increase in flux is consistent with the existence o f dead end pores, which although 

they belong to the percolating cluster, are bypassed in steady state flow.

Hastedt and Wright {1990) used percolation theory to explain the release of benzoic 

acid from polyvinyl stearate matrices. They defined D, the relative difflisivity, a 

dimensionless parameter as:

D = —^  Equation 2.36
^ a q

where Db is the steady-state diffusion coefficient of solute through the matrix, and Daq 

is the aqueous diffusion. With increasing porosity, below the critical porosity ipci) 

the value of D, will approach 1, as in a sample where there are no matrix-spanning 

pathways the bulk diffusion coefficient will be zero. It follows that a scaling law 

applies, which is similar to Equation 2.35\

a { e - £ ^ Y  Equation 2.37
^ a q

In binary, three dimensional systems the underlying lattice is thought to be simple 

cubic with a co-ordination number o f 6, for which the site percolation threshold is 

predicted to equal 0.31 {Siegel, 1989). Hastedt and Wright {1990) calculated Sc as 

equal to 0.07, for their systems. Two possible explanations were given, namely, that 

(a) on a microscopic scale a true mix was not formed, such that benzoic acid was 

randomly dispersed forming matrix-spanning clusters at low drug loadings, or that (b) 

benzoic acid was diffusing through the matrix material and not only through 

interconnecting pores.

Bonny and Leuenberger {1991) describe two percolation thresholds for binary 

systems, the lower percolation threshold {pd) where the drug particles begin to form a 

continuous network within the matrix, and the upper percolation threshold (pc2).
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where matrix particles become isolated and disintegration occurs. They reiterated the 

scaling law as defined in Equation 2.37 and included a scaling factor xDo'.

Between p d  and pc2, the amount released is linear with respect to vf, the slope of the 

line as defined by Higiichi {1963).

The equation o f the line will yield values o f c and the intercept -cSc, enabling 

Equation 2.42 to be solved for Sc. A knowledge o f the percolation threshold is 

advantageous in preformulation studies as it gives an indication of the amount of 

bioavailability o f the device, which also has cost implications for delivery systems, 

posed to carry expensive drugs {Siegel, 1989).

D = x D o { e - s y Equation 2.38

h = ^D C ^{2 A -sC s) Equation 2.39

where parameter definitions are as for Equation 2.19. It follows that:

/ )  = ---------------------
C,{2A-eC.^)

Equation 2.40

Combining Equation 2.38and E,quation 2.40 where //=2 leads to;

b
Equation 2.41

where /? is a tablet property which shows a linear relationship with er.

P  = - c s  + e Equation 2.42
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3.1 MATERIALS

M aterials Manufacturer

Acetonitrile 

Benzoic acid 

Bovine Insulin

di-Sodium hydrogen phosphate-12 hydrate 

Human Insulin

Hydrochloric acid solution 37% 

IKA-Ultra-turrax T25 

Lactose monohydrate 

Methylcellulose (high substitution) 

Orthophosphoric acid 

Palmitic acid (specially pure)

Phadaseph Insulin RIA kit 

Procaine hydrochloride 

Sodium benzoate 

Sodium chloride

Sodium dihydrogen phosphate 2-hydrate

Sodium hydroxide

Sodium palmitate

Sodium stearate

Sodium sulphate

Stearic acid reagent grade

Stearic acid for synthesis (flakes)

Stearic acid grade 1 

Stearic-palmitic acid

Scharlau, Spain

May «fc Baker Ltd., Dagenham, England 

Sigma Chemical Co., USA 

Merck, Germany.

Sigma Chemical Co., USA.

BDH Chemicals, Poole, England.

Janke & Kunkel, Labortechnik, Staufen. 

Riedel de Haen, Germany.

BDH Chemicals, Poole, England.

BDH AnalR, Poole, England.

BDH Chemicals Ltd, Poole, England. 

Pharmacia, Unitech, Ireland.

Sigma Chemical Co., USA.

Riedel de Haen, Germany.

Merck, Germany.

Merck, Germany.

Riedel de Haen, Germany.

Sigma Chemical Co., USA.

Sigma Chemical Co., USA. 

Merck-Schuchardt, Germany,

Merck, Germany.

Merck-Schuchard, Germany.

Sigma Chemical Co., USA,

Riedel de Haen, Germany,
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3.2 INSTRUMENTATION

Instrument/Equipment Supplier/Manufacturer

Beckman System Gold HPLC apparatus

Bransonic 220 sonic bath

Cecil 2000 series UV spectrophotometer

Finnpipette 20-1000|o,l

Finnpipette 20-200^1

Graseby Specac 3mm punch and die set

Heidolph stirrer RZl

Heto water bath

Hitachi S3500N scanning electron microscope

Liquid Scintillation counter Tri-Carb 4000

Mettler AE 240 balance

Mettler Toledo DSC 82 T

Mettler Toledo MTS microbalance

Nylaflo® membrane filter 47mm, 0.2|am

Orion 5 20A pH meter

Perkin-Elmer 13 mm punch and die set

Plastic filter holder, 13mm

Precision reciprocal shaking bath M25

Retsch ball mill

Schleuniger tablet tester 6D

Siemens D500 Diffraktometer (XRD)

Sliding callipers 

Sterican® ISGxl.S inch needles 

Supor® membrane filters, 47mm, 0.45 jam 

Supor® membrane filters, 13mm, 0.45|4.m 

Tablet press

UBM microfocus measurement system 

(profilometer)

Whirlimixer

Beckman Instruments, California, USA. 

Bransonic, AGB, Ireland.

Cecil Instruments, Cambridge, England. 

Labsystems, Finland.

Labsystems, Finland.

Foss Ireland Ltd.

Heidolph, AGB, Ireland.

Heto Birker0d, Denmark..

Hitachi, Japan.

Packard, USA.

Mettler, Switzerland.

Mettler, Switzerland.

Mettler, Swtizerland.

Gelman Sciences, USA.

AGB, Ireland.

Perkin Elmer, England.

Gelman Laboratory, USA.

Precision Scientific, USA.

Retsch, Germany.

Schleuniger, USA.

Siemens, Germany.

Inox Helios.

B. Braun, Melsungen AG, Germany. 

Gelman Sciences, USA.

Gelman Sciences, USA.

Perkin Elmer, England.

UBM, Germany.

Fisons Scientific Equipment, England.
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3.3 METHODS OF CHARACTERISATION

3.3.1 Solubility

The dynamic solubility of the drugs used was determined in accordance with the 

method outlined by Chiou and Kyle {1979). Solubility studies were performed at 

37°C in a jacketed water vessel linked to a temperature controlled water bath. The 

medium was exposed to an excess of solid, typically 3-4 times the quantity needed to 

form a saturated solution, and solutions were agitated using an overhead stirrer. At 

appropriate intervals over a 2 hour period a 2ml aliquot was withdrawn and filtered 

through a 0.2(j,m filter. Samples were diluted to within the linear range and assayed 

accordingly. The pH of the filtrate at the last time point was measured. All needles, 

syringes, filter units and glassware used for this study were maintained at 37°C prior 

to sampling.

To determine the effect, if any, of stearic acid on benzoic acid solubility, an amount of 

stearic acid was added to the system, once saturated conditions had been reached. 

Stirring was continued for 30min and then a further sample was taken and assayed. 

The pH of the filtrate was also measured.

3.3.2 X-Ray Diffraction

X-ray diffraction (XRD) patterns were obtained for both powdered samples and 

compressed 13mm discs in conventional cavity mounts using a Siemens D500 

Diffraktometer. Samples were evaluated from 5-35 20 degrees, using a 1.00*̂  

dispersion slit, a 1.00*̂  scatter slit and a 0.15** receiving slit. The x-ray tube was 

maintained at 40kV and 40mA and diffraction patterns were recorded using nickel 

filtered copper ka  radiation.

3.3.3 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) analysis was carried out on approximately 

5mg samples. The samples were usually in powdered form but analysis was also 

performed on segments of compressed discs following dissolution. Analysis was 

performed under nitrogen purge, over the range 25-250°C at a heating rate of 

10°C/min in hermetically sealed aluminium pans, with vent holes. Values for onset of
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melting, peak melting point and enthalpy of endothermic events were determined 

using Mettler Toledo Star‘d system software. DSC temperature calibration was 

performed using an indium standard.

3.3.4 Fourier Transform Infra-red Spectroscopy

Fourier transform infrared spectra were obtained from 16 scans in the spectral range 

4000-400cm'\ on a Nicolet 5ZDZ transform infrared spectrometer. The KBr disc 

method was used, whereby a quantity o f powdered sample was mixed with an amount 

o f KBr in a mortar and pestle. A compact was made in a 13mm punch and die set, by 

applying a compaction pressure of 10 tons for 1 minute. The disc was mounted in the 

appropriate attachment.

A Nicolet 51 OP spectrometer with continuous microscope attachment was also used. 

A microscope slide was gold coated and a few particles o f sample were rolled flat 

onto the slide. Spectra were obtained with the microscope in reflectance mode.

3.3.5 Ligh t Microscopy

This method was used in the preliminary stages o f microsphere production. Wet 

samples were pipetted onto glass slides and covered with a glass cover slip. Samples 

were viewed to determine if microsphere production was successfiil under the 

production conditions specific to the sample. An Olympus BX60 microscope with an 

attached CCTV camera was used. Images were imported into a computer by means of 

a plug-in-digitizer. Photomicrographs o f the samples involved the use of Adobe 

Photoshop software.

3.3.6 Scanning Electron Microscopy

Microspheres were viewed using scanning electron microscopy (SEM). Samples 

were mounted on aluminium stubs and sputter coated with gold prior to examination.
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3.3.7 Particle Size Analysis

Sieving

Particle size distribution was determined by sieving. A series of at least 7 sieves were 

placed on a sieve shaker for 10 minutes and the powder retained on each sieve was 

weighed. Graphs of frequency and % cumulative undersize were constructed. The 

mean particle size quoted corresponds to the particle size at 50% cumulative 

undersize.

Lisht microscopy

Samples were mounted in air or silicone oil and viewed using an Olympus BX60 

microscope with an attached CCTV camera (AGB, Ireland). Images were imported 

into a computer using a plug-in-digitizer. The length and width of at least 100 

particles were measured using NIH imaging software.

3.3.8 Surface Texture Analysis

Surface texture analysis employed the use of a UBM microfocus measurement 

system. This system comprises a non contact laser profilometer linked to a computer. 

An area of 16mm^ was analysed with a x-resolution of 250p/mm and a y-resolution of 

20p/mm. Data was levelled and roughness parameters were calculated using specific 

DOS software. Profiles were obtained before and after dissolution to monitor surface 

changes.

While the software calculates values for several roughness parameters, only values of 

Ra, the roughness average will be quoted. The roughness average, previously known 

as the Centre-Line Average, is the arithmetic average of the absolute values of all 

points of the measured surface {Figure 3.1). In Figure 3.1, L is the length of surface 

over which the measurement is made, and usually includes five sampling lengths (/).
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I I I I I

Figure 3.1 Derivation o f Ra, the roughness average, from a line scan of the surface.

Reproduced from Healy, 1995.

3.3.9 Tensile Strength Testing

Discs were placed in the well of a Schleuniger tablet tester 6D and the force required 

to rupture the tablet was measured. This test was used to investigate the effect on 

matrix hardness of different compaction pressures. 3mm matrices of 20% benzoic 

acid and SAR of particle size 63-125|am were compacted at pressures o f 0.5, 0.75 and 

1 ton. The highest pressure tested was the maximum load suggested for the punch 

and die set. The force required to break these compacts was measured and results are 

illustrated in Appendix /, Figure 1. Over the compression range tested no significant 

differences in matrix hardness were demonstrated.

3.3.10 Analysis o f Stearic Acid Composition

Reagent grade stearic acid, as supplied by Merck, was specified as containing not less 

than 90% stearic and palmitic acid. A more extensive determination o f contents was 

obtained by gas liquid chromatography (GLC). Powder samples were transesterified 

to enable fatty acid identification on the chromatographic column. A BP 21 polar 

aluminium coated column (Scientific Glass Engineering Pty. Ltd., UK) was used in 

conjunction with a Shimadzu GC-14A Series Gas Chromatograph (Mason 

Technologies, Dublin). Dry samples were reconstituted with hexane and injected onto 

the column. Stearic acid composition was determined by comparing peak retention 

times with a chromatograph of 20 known fatty acid standards. Percentage
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composition was calculated in line with peak areas as determined by a Shimadzu C- 

R6A chromatograph integrator (Mason Technologies, Dublin).

3.4 PREPARATION OF PROCAINE FREE BASE

Procaine hydrochloride was dissolved in water at room temperature. IM sodium 

hydroxide solution (NaOH) was added dropwise until precipitation occurred. The 

suspension was filtered and the procaine fi'ee base was rinsed with water to remove 

any excess ions. The powder was dried at room temperature and analysed by DSC.

3.5 PRODUCTION OF DRUG DELIVERY SYSTEMS 

3.5.1 Disc Manufacture

Appropriate amounts o f drug and carrier material were weighed and placed into 

amber jars. Mixing was achieved using a Turbula mixer (Glen Creston Ltd, England) 

at speed 2 for 10 minutes. Approximately 200mg was weighed into a 13mm punch 

and die set (Perkin Elmer, England) and compressed at 7 tons for 2 minutes. 

Compacts of 7mm were produced using a Manesty E2 tablet press (Liverpool, 

England) Two grades of stearic acid were employed, namely pure grade stearic acid 

(SAP) and reagent grade stearic acid (SAR), the grade chosen for compact production 

will be specified in the relevant section.

Discs of 3mm diameter were produced using a 3mm punch and die set at compression 

force o f 1 ton. Discs produced weighed approximately lOmg. It was necessary to 

scale down batch production for systems containing insulin. An alternative mixing 

technique was developed which was more appropriate for smaller powder volumes. A 

progressive mixing technique was used to produce smaller batches using a 

Whirlimixer, rather than a Turbula mixer as used for all other systems. In order to 

ensure that this procedure yielded equivalent matrices, dissolution studies were 

performed for comparison with systems prepared using the Turbula mixer {Appendix 

I, Figure 2). Release profiles overlapped implying that the amount and rate o f drug 

release did not vary significantly from compacts prepared using different mixing 

techniques.
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Discs o f this size were used for implantation. To improve mixing, the carrier material 

was size reduced so that the average particle size obtained was close in value to that 

of the drug. The average particle size o f insulin was 9.83|im as determined by light 

microscopy. SAP as received had an average particle size of 300[j,m and was size 

reduced to «15|j,m particle size using a Retsch ball mill. Lactose o f average particle 

size 19.08[xm, was also used for some systems. Implants containing insulin were 

stored below 0°C prior to dissolution testing. Before implantation, implants were 

sterilised under UV light for 40 minutes on each side.

3.5.2 Production o f Microspheres

Stearic acid for synthesis (flakes) was used to produce microspheres. This product 

melted at 69°C, and as received, was composed o f flakes. In the context o f this thesis 

it will be abbreviated to SAF.

Stearic acid was heated to above 69°C to yield a liquid lipid phase. The emulsifier 

was dissolved in water forming the continuous phase and was heated to a temperature 

above the melting point o f stearic acid. The lipid phase was added to the continuous 

phase and emulsified for 1 minute using either a Heidolph propeller blade stirrer or an 

Ultraturrax mixer. Rapid cooling of the emulsion, by addition o f cold water enabled 

microparticle formation. In the systems reported in this work the phase volume ratio 

remained constant, consisting o f 125ml of continuous phase and 8ml disperse phase. 

Emulsifying agents, such as, sodium lauryl sulphate (SLS), polyvinyl alcohol (PVA), 

and methylcellulose (MC) were examined. For the production o f drug loaded 

microspheres both the continuous phase and the aqueous cooling phase were saturated 

with drug to improve loading efficiencies.

A second batch o f 40% drug loaded microspheres was produced with release studies 

yielding drug loading efficiencies o f 70.85%, 68.61% and 65.80%. Therefore the 

actual loading obtained was 27.1% which was slightly lower than 28.9% loading as 

determined for batch 1. There was no significant difference in the amount released by 

burst release from each batch but the second phase of release for batch 2 was such that 

infinite drug release from this batch was lower.
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The highest dmg loading attempted was 40%w/w, as at drug:fatty acid ratios of 50:50, 

spheres were no longer formed.

3.6 DISSOLUTION STUDIES

The majority of dissolution studies were performed in triplicate on matrices of 20% 

drug loading where both components were of 63-125|j.m particle size, compaction 

pressure was 7 tons, dissolution medium was maintained at 37°C and agitated at 

1 OOrpm, Unless otherwise specified it should be assumed that these conditions were 

met. Dissolution studies were mostly performed over a three hour period. However, 

release from some systems was extended to 5hr. While release profiles presented in 

this thesis may only show the 3hr release data, if further data was obtained it was 

included for data fitting purposes. This will be specified where applicable.

3.6.1 Automated Dissolution Testing

Studies were performed in a Sotax AT6 dissolution bath linked to a Cecil 2020 UV 

spectrophotometer fitted with flow through cells, via an Ismatec IPC multi-channel 

peristaltic pump. An online standard enabled the determination of drug levels by way 

of Cecil dissolution software. The spectrophotometer was fitted with either 2mm or 

10mm Spectrosil® Far UV Quartz window cells depending on the absorbance values 

being measured. For the majority of dissolution studies, filtered Sorensens phosphate 

buffer pH 7.4 {Section 4.6.3) was maintained at 37°C and agitated at 1 OOrpm. The 

temperature was checked using a thermometer and the stirring speed was manually 

validated. Conditions differing from these will be specified in the relevant section. 

Drug release was monitored over a 3 hour, 5 hour or 15 hour period.

3.6.2 Manual Dissolution Testing

Manual dissolutions were performed for studies that could not be automated. In 

systems where absorbance values fell below the lower limit of UV detection 

(«0. labs), for example with compacts of 3mm, it was necessary to reduce the volume 

of dissolution medium so as to increase the drug concentration to a measurable level. 

However, sink conditions were maintained for all dissolution studies.

52



Chapter 3 Materials and Methods

USP Paddle Method

Studies were performed with an Erweka El 105 dissolution bath using phosphate 

buffer pH 7.4 medium at 37°C and lOOrpm. Samples were withdrawn at 

predetermined intervals and filtered through a 0.2nm membrane. Where dilutions 

were necessary, the required volume was pipetted into a volumetric flask and made up 

to volume. An equivalent volume of fresh dissolution medium, warmed to 37°C, was 

pipetted into the dissolution vessel. All equipment used for sampling was maintained 

at 37°C prior to use. This method was predominantly used to measure drug release 

from microspheres and 3 mm matrices of benzoic acid and SAR.

Drug release from compacts of 20% benzoic acid and stearic acid reagent grade 

(SAR) was also monitored manually for comparison with the automated method. This 

study was performed on identical systems under identical conditions. Release profiles 

overlapped, demonstrating no significant difference in release between the two 

methods {Appendix I, Figure 3).

Water Bath Method

This method was employed for 3mm matrices of insulin and SAP where drug release 

was so low that using conventional dissolution apparatus was not appropriate.

Method I. Specifically used for matrices of benzoic acid and stearic acid pure grade 

(SAP), this method involved discs being placed in dissolution medium in 100ml 

stoppered glass flasks, in a Precision reciprocal shaking water bath set at 37°C 

(Precision Scientific, USA). Flasks were shaken horizontally at 100 cycles per 

minute, samples were taken and filtered as before and replaced with an equal volume 

of Hquid.

Method 2\ This method was used for insulin containing systems. A volume of 

phosphate buffer was accurately pipetted into glass vials. Sealed vials were placed 

into the shaking water bath set at 37°C and 100 cycles per minute as before. At 

regular intervals, the individual compacts were removed using tweezers and placed 

into fresh buffer. Samples were assayed as soon as possible after removal from the 

water bath.
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3.6.3 Buffer Composition

Sorensens modified buffer solutions were prepared by dissolving salts in distilled 

water in the proportions listed below {Pharmaceutical Handbook, 1980).

pH Sodium acid phosphate Sodium phosphate Sodium chloride

NaH2P0 4 2 H2 0  (g/1) Na2HP0 4 l 2H2 0  (g/1) NaCl (gA)

7 .4 2.1 19.1 4 .4

8.0 0.5 2 2 .7 4 .2

3.7 EXTRACTIONS

Extractions were performed on discs following dissolution to calculate mass balance, 

which is the summation of drug released and drug remaining in the discs. From these 

values we can estimate how much drug was present within the disc, that is, drug 

loading.

While the procedure was largely the same, adjustments were made relative to the 

nature of the drug and the disc dimensions. Benzoic acid was extracted into 

phosphate buffer pH 8. The pKa of benzoic acid is 4.03 {Ramtoola, 1989) implying 

that at pH 8, a greater fraction of the drug in the ionised form, relative to medium of 

pH 7,4, thereby increasing solubility. Insulin was extracted in buffer pH 7.4, as 

solutions of the polypeptide in this buffer are stable (Brange & Laugkjoer, 1993).

Discs of 13 mm diameter were crushed in a mortar and pestle until a smooth powder 

was formed. Buffer was added in small amounts with continuous stirring to promote 

drug dissolution. A specified volume of buffer was added and the suspension was 

agitated vigorously for 1 min and then left to equilibrate for 30 min. The suspension 

was filtered under vacuum through a 0.45|im membrane. The supernatant was diluted 

and assayed accordingly. The residue was resuspended in buffer and the procedure 

was repeated twice, so that three extractions were performed in total.

Compacts of 3 mm were crushed in an agate pestle and mortar and small volumes of 

liquid were added. This suspension was transferred to a glass beaker, with rinsings
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from the pestle and mortar, using, in total, a precise volume of buffer. The system 

was agitated vigorously and left to equilibrate for 30min. The suspension was 

filtered, diluted and assayed and a second extraction performed.

This process was primarily tested with discs of known quantities of drug. Extraction 

efficiency ranged from 85.5% - 97.7%.

To ensure that desired loadings were obtained in 3mm insulin/stearic acid systems, 

compacts were produced and extracted, and drug levels measured by UV assay. The 

amount of drug recovered ± standard deviation was 95,4%+11.6% for 10% insulin 

systems and 91.7%±14.7% for 20% insulin systems.

3.8 QUANTIFICATION OF DRUG RELEASE 

3.8.1 VV Assay

Drug levels of benzoic acid, sodium benzoate, procaine base and procaine 

hydrochloride were determined by spectrophotometry. For automated methods, drug 

levels were determined with reference to an online standard. The maximum 

absorption was at a wavelength of 224nm for benzoic acid, procaine base and 

procaine hydrochloride, and at 220nm for sodium benzoate. For manual dissolution 

absorbance values at the Â ax for benzoic acid solutions (£,'^^=665) were converted to

drug concentrations using a calibration curve. Calibrations curves were determined 

from absorbance values of a series of dilutions of three freshly prepared standard 

solutions. A typical benzoic acid calibration curve is displayed in Appendix II.

A UV assay for insulin was previously reported by Brown et al {1986 & 1996). 

Gratzer {1976) reported that while extinction coefficients of proteins in the aromatic 

absorption band at 280nm can vary widely, at shorter wavelengths the spectrum is 

dominated by the absorption of the peptide bond, and as such, measurements in this 

region are approximations of protein concentration. Absorbance values were 

therefore determined at 220nm and expressed as insulin concentrations using 

appropriate calibration curves {Appendix III, Figure 1). During the

preliminary stage of matrix production, this method was used to determine the loading 

of discs prepared from various batches of drug/carrier mixtures. This method.
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however, was not sensitive enough for drug release studies where absorbance values 

were often below 0.1.

3.8.2 HPLC Assay

The HPLC assay was based on a method reported by Soriano et al {1996) and Khaska 

{1998). Beckman System Gold equipment was used, consisting of a programmable 

126 solvent module and 166 detector module, with samples injected via a Shimadzu 

SIL-9A automated sampler. A Vydac 218TP Cig reversed-phase column (5|j,m, 15cm 

X 0.46cm) was used, which is specific for identification of polypeptides. The column 

was eluted with mobile phase consisting of a mixture of 74 parts of 0.2M sodium 

sulphate anhydrous adjusted to pH 2.3 with phosphoric acid, and 26 parts of 

acetonitrile. The mobile phase and all cleaning solutions were filtered under vacuum 

through 0.2|j,m nylon membranes. The flow rate was set at Iml/min and the UV 

detector monitored the response at A,=214nm. The retention time of insulin in 

phosphate buffer pH 7,4 was approximately 5 min.

Standard solutions were freshly prepared in triplicate and appropriate dilutions made. 

The calibrations curves were representative of the entire assay time span, as standard 

solutions were interspersed among sample solutions {Appendix III, Figure 2 & Figure 

3). Insulin was extracted from matrices after dissolution and immediately assayed, by 

HPLC, to minimize loss through degradation.

The relationship between AUC and insulin concentration was linear to a concentration 

of 0.00044mg/ml {Appendix III, Figure 4). In the course of release studies, all values 

were in excess of this concentration.

3.8.3 Radioimmunoassay

Radioimmunoassay (RIA) was used to determine insulin levels in rat plasma. 

Calibration standards provided with the kit, ranged from 0-240|j.U/ml. Fixed amounts 

of binder (antibody) and radiolabelled analyte were placed in Rohren tubes. Sample 

solutions were diluted in line with the calibration curve using an appropriate diluent. 

A fixed amount of the diluted sample was added to the system, which was mixed and 

left at room temperature for 30min. The labelled analyte was forced into solution as
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the drug competitively bound to the antibody. Addition of a second antibody caused 

precipitation of the primary antibody as a solid phase. Samples were centrifuged for 

15min at 0°C and the supernatant removed. Radioactivity o f the sample was 

measured using a gamma scintillation counter. Calibrations were plotted as log 

insulin concentration versus percentage bound and drug levels were listed in units of 

|j,U/ml. A representative calibration curve is depicted in Appendix IV.

3.9 IN VIVO STUDY 

3.9.1 Background

Male Wistar rats, approximately 500g, were chosen as the in vivo model. Diabetes 

was not induced in these animals, unlike previous studies, as often there is much 

greater variation in resting blood glucose levels in such animals. Furthermore, it is 

thought that, sometimes, diabetes can be induced to different extents in animals 

making it difficult to analyze the results obtained {Brown et al, 1986).

Blood samples o f approximately 0.3ml were taken from the saphenous vein which 

runs along the hind leg of the rat. This technique has been used previously in various 

other small animals, whereby the animal is placed in a restrainer tube with only the 

legs exposed, or otherwise restrained. The skin is pierced and the blood collected. 

Further samples can be taken by removing the scab formed at the sampling site {Hem 

et al, 1998). This method could not be adapted to our procedure, as sample volumes 

were not sufficient.

Initially, sampling was performed on conscious animals, as we wanted to model 

ambulatory conditions, and prevent the use o f anaesthetic, which could potentially 

affect blood glucose levels. This, however, proved impossible to achieve as 

movement of the animal made it difficult to sample, as the vein was moving and often 

bled under the skin. Blood glucose levels in these animals were elevated as the 

animals were distressed, and their frightened movement often caused damage at the 

site making it impossible to resample from that area at a later time point. At this stage 

it was decided to introduce the use o f an anaesthetic which would facilitate easier 

sampling and prevent the animal from excess distress and discomfort. Nine common 

anaesthetics were compared for use in rats in a study by Brammer et a! (1993).
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Parameters assessed were ease of induction, quality o f analgesia, anaesthetic stability, 

ease o f use, and effects on cardio-vascular parameters, that is, heart rate, blood 

pressure and respiration. Hypnorm (fentanyl-fluanisone) was deemed by this study to 

be the most suitable anaesthetic for use in rats, and so was the anaesthetic of choice 

for this work.

3.9.2 Sampling Technique

Animals were sedated with 0.1ml o f Hypnorm approximately 10 minutes before 

sampling. The rat was placed on a hot plate, as blood flow was always greater in a 

warm animal and allowed quicker sample collection. Both legs were shaved as well 

as an area between the shoulders where implants would be inserted. With the leg 

extended downwards a clamp was formed around the thigh causing the vein to 

protrude. A small amount o f vaseline was smeared over the area to reduce the risk of 

clotting when the blood would come into contact with the skin. The vein was 

punctured using a heparinised 25G needle. Initially the needle remained in the vein 

with blood flowing into the cap. Blood samples were drawn from the needle using 

heparinised microvette collection tubes. Should the flow begin to slow down, the 

needle was removed and the bubble of blood removed from the skin surface. At this 

stage sufficient blood was also drawn into a non-heparinised syringe for the purpose 

o f measuring blood glucose levels. Further bleeding was prevented by applying 

cotton wool to the surface with a minimum amount o f pressure. It became 

increasingly easier to sample animals with time as the vein was easier to locate.

Implantation of discs was through a small incision made in the area between the 

shoulders on the back of the animal. The incision was made using a sterile scalpel 

blade and the sterile implant inserted with the aid of alcohol swabbed tweezers, and 

the cut immediately sealed.

Blood samples were stored on ice, initally and then centrifuged for 15min at 0°C. 

Plasma was pipetted into microcentrifijge tubes, and was stored below 0°C prior to 

analysis. Samples were thawed and diluted accordingly before analysis by RIA.
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Study design

Animals were distributed into three groups. Group 1 (n=3) were anaesthetised and 

sampled at similar time intervals as test animals, and were defined as the untreated 

controls. Group 2 (n=3) were implanted with blank stearic acid discs and sampled as 

before, and were the placebo control group. Group 3 animals, the test group, were 

implanted with insulin containing compacts.

3.10 MATHEMATICAL MODELLING OF RELEASE DATA

Non-linear curve fitting of release data to various mathematical models was achieved
rp% a 'T 'X  Jt

using MicroMath® Scientist for Windows , version 1.0. Parameters estimates, 

standard deviation were generated by the software, the suitability of the model 

represented by the value of associated statistics. MSC, model selection criterion and 

/^, the coefficient of determination, were high when the fit was good, while SS values 

(sum of squared deviations) were low.

The MSC value is a modification of the Akaike Information Criterion (AIC), that is 

normalised such that it is independent of the scaling of the data points. It is calculated 

in accordance with the following equation:

MSC = In / = !

i= \

n
Equation 3.1.

where n is the number of data points, w, are the weight applied to each point, , are

the observed data points. Yobs the predicted data points, 7^^ the weighted mean of the 

observe data and p  is the number of parameters estimated.
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The value of determined is defined by the formula:

Equation 3.2.n

and the sum of squared deviation by Equation 3.3:

Equation 3.3.

where n is the number of points in the y  data column and y  is the algebraic mean of 

the j  data co\\xrcm.{Scientist Handbook, 1995).

The MSC value is affected by the number of parameters being estimated and will 

place a higher burden on models with a greater number of parameters, such that, 

models with different numbers of parameters can be compared. Equal weighting was 

used for all data sets during data fitting. Equations used for data fitting are listed in 

full in Appendix XV.

3.11 T-TEST

The unpaired t-test was used to determine if differences in release rate constants 

between different systems, or other parameters were statistically significant. The t 

statistic was calculated as described by .

where x, and represent the average amount released at a specific time point for 

data sets I&2 relating to two different compaction pressures, «, is the sample size of

represents the critical t at a specific number of degrees of freedom (v, Equation 4.6).

Equation 3.4

group 7, ^  is the pooled variance calculated according to Equation 4.5 and tv
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^ 2  _  -^1 + ^ 2  Equation 3.5

+n^ -  2 Equation 3.6

Critical t values were read from t-tables at the specific number o f degrees o f  freedom 

(v) and chosen confidence level. Calculated t values at each time point that fell below 

this critical value, demonstrated the parameters compared were not statistically 

significantly different.
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4.1 INTRODUCTION

Benzoic acid is a well characterised drug and has often been used as a model drug 

{Ramtoola, 1988, Hastedt & Wright, 1990, Healy, 1995) while stearic acid is widely 

used in pharmaceutics as a lubricant {Phadke et al, 1994). The properties o f stearic 

acid described in Chapter 1 suggest that it would be a suitable inert base for forming 

matrices, showing a low aqueous solubility and a melting point above body 

temperature. Previously, the release o f protein from stearic acid compacts was 

studied but the mechanism of release was not fully understood {Kaewvichit & Ttwker, 

1991). This chapter reports a basic study on release mechanisms using a simple 

model drug compound, benzoic acid, with the aim o f defining release in terms of 

known kinetic equations.

4.2 SOLUBILITY

The solubility (Cs)  of benzoic acid was determined in phosphate buffer pH 7.4 and in 

O.IN HCl, pH 1. Solubility determinations were necesssary to ensure that sink 

conditions would be met in dissolution studies. Figure 4.1 shows solubility profiles 

for benzoic acid and includes the effect of stearic acid on solubility. Solubilities were 

4.63±0.25 xlO'^ g/cm^ and 12.04+0,69 xlO'^ g/cm^ in acid at pH 1 and in phosphate 

buffer at pH 7.4, respectively. Under acidic conditions the presence of excess benzoic 

acid did not greatly alter the pH of the solution, which shifted from pH 1 to pH 1.1. 

In contrast, following drug saturation at pH 7 .4, the pH of the medium decreased by 3 

pH units to 4.13.

The addition of stearic acid did not significantly affect the solubility o f benzoic acid 

in phosphate buffer at pH 7.4. The pH of the filtrate after SAP addition was seen to 

decrease slightly from 4.14 to 4.11. In acid at pH 1 the presence o f stearic acid did 

not affect the pH, nor the solubility value which was not significantly different from 

the value for benzoic acid alone.
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Figure 4.1 Solubility profiles for benzoic acid in 0. IN HCl (pH 1) ( A )  and phosphate 

buffer (pH 7,4) (♦) with addition of stearic acid.

Sodium benzoate was also used as a model drug and its solubility was determined in 

the same manner. The solubility of sodium benzoate at pH 7,4 was 4.17±0.15 xlO'* 

g/cm^ and the pH of the saturated solution was 7,88, Using the sah form, the 

solubility in the same buffer was 37% greater than for the free acid (0,1204 xlO' 

'g/cm^). In 0,1N HCl at pH 1, the solubility of sodium benzoate was 1,203+0,14 xlO' 

'g/cm^,

4.3 EFFECT OF LOADING ON BENZOIC ACID RELEASE FROM 

STEARIC ACID MATRICES

Powder mixes were freshly prepared from the raw ingredients as received. The mean 

particle size for each component, as determined by sieve analysis, was 329[ĵ m and 

400jj.m for benzoic acid and pure grade stearic acid (SAP), respectively. The mass 

retained, plotted against aperture size, for both components is shown in Appendix V.

The amount of drug released with time from benzoic acid-stearic acid compacts 

containing between 20 and 80% w/w benzoic acid and stearic acid is shown in Figure 

4.2. Also included is the release data for 100% w/w benzoic acid compacts. Release 

profiles for stearic acid systems were curved and exhibited lower release than for pure 

drug systems. Decreased release was evident in systems of increasing stearic acid 

content. Complete release was achieved from systems of 80% loading after three
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hours, in contrast to lower loadings where incomplete release was seen over a three 

hour period. Prolongation of drug release was therefore achieved by incorporating the 

drug into an inert fatty acid matrix.

Using the release profile for pure drug systems, in conjunction with Equation 2.12- 

2.15^ it was possible to estimate h, the diffusion layer thickness, for uncoated systems. 

The value of h was determined to be 55.76 x lO'̂ ’cm, which is similar to the values 63 

xlO '̂ cm, as previously reported by Ramtoola (1988) for coated discs and 60 xlO'^^cm 

as quoted by Healy {1995) for uncoated discs.
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Figure 4.2 Release profiles for SAP compacts of 20% (♦), 40% (■), 60% ( A )  and 

80% w/w ( • )  benzoic acid loading and compacts of 100% w/w (x) benzoic acid 

loading.

Binary systems are assumed to consist of two sets of particles, which are randomly 

distributed {Lenenberger et al, 1994). With reference to the systems studied, there 

were water-soluble and water-insoluble particles compacted together. In terms of 

percolation theory only soluble particles at the surface, or those in contact with other 

drug particles which dissolve to form a pore, can be released. Therefore as drug 

loading increases so does the probability that a drug particle will be part of a 

connecting pathway that extends from the interior of the matrix to the surface. 

Furthermore, at higher drug loading the amount of drug present on the matrix surface 

is increased. The drug liquid interface will recede slower, such that the diffusion path
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will be shorter, for a given amount of drug released. The overall resuh is therefore an 

increased amount of drug released from systems of higher drug loading.

The slope of the amount released versus time, for loadings of 20-80%, over the first 

20mins of dissolution were compared with the slope for 100% benzoic acid compacts 

{Figure 4.3). The linear trend revealed, implies that initial drug release was affected 

by drug loading. In order to investigate the rate of release over the entire release 

profile it was necessary to employ kinetic equations.

3.5

3

2.5

2

1.5

1
y = 0.0348X - 0.5536 
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80 1000 20 40 60
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Figure 4.3 Rate of release over the first 20 minutes of dissolution, plotted against 

drug loading, for SAP compacts of 20% (♦), 40% (■), 60% ( A )  and 80% w/w ( • )  

benzoic acid loading and compacts of 100% w/w (x) benzoic acid loading.

Data was plotted against in accordance with the Higuchi equation {Equation 2.20), 

as shown in Figure 4.4. Linear profiles were obtained, the slope increasing with 

loading.

At high loading an intercept (lag) was evident. A better fit for 80% systems was 

obtained using Equation 2.21 { ^  intercept). Parameters and statistics relating to the 

fitted data are listed in Table 4.1. The intercept {a) for 80% systems was estimated as 

0.013+0,001g/cm^
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Figure 4,4 Release data for SAP compacts of 20% (♦), 40% (■) and 60% w/w (A) 

benzoic acid loading fitted to Equation 2.20 (Higuchi) and systems of 80% w/w ( • )  

benzoic acid loading fitted to Equation 2.21 intercept).

Table 4.1 Parameters and statistics obtained from fitting release data for SAP 

compacts of 20-60% w/w benzoic acid loading, fitted to Equation 2.20 {Higuchi) and 

for systems of 80% w/w benzoic acid loading fitted to Equation 2.21 {yi intercept).

Parameters 20% 40% 60%> 80%

/  /  - 2  ' • ( } . i \k (g cm mm ) 0.33x10'^ l.lxlO'^ 2.3x10'^ 5.89x1 O'"

SD for k 4.26E'^ 9.66E'^ 2.05E'^ 1.40E'^

SS 5.59E-’ 2.89E'‘' 1.29E'^ 6.83'^

0.973 0.990 0.991 0.996

MSC 3.64 4.48 4.62 5.04

where 5'Z)=standard deviation. S5'=sum of squares, and A/5'C=model selection criterion, as defined in

Section 3.10.

The release rate constant, k, increased by a factor of approximately 3 .3 on increasing 

the drug content from 20% to 40%, and by a factor of 2 and 2.6 on increasing loading 

from 40% to 60% and from 60% to 80%, respectively. MSC values for the fitted data 

ranged from 3.64 to 5.04 and estimates of r  ̂were wO.99.

Since the compacts were cylindrical with all surfaces exposed to the dissolution 

medium, data was also fitted to the Cobby equation {Equation 2.23). MSC values 

obtained were 2.73, 5.03, 4.1 and 2.58 for 20%, 40%, 60% and 80% drug loading.
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respectively. These values were lower than those determined using the Higiwhi 

equation, except for 40% loading. Therefore, even though the Cobby equation 

includes an additional shape factor, it was not shown to be more appropriate for 

describing release from these systems.

Release data was also fitted to Equation 2.22 & 2.25 (Higuchi lag & Cobby lag), 

which are derivations of the Higuchi and Cobby equations that include a parameter to 

account for a lag time. For systems of 20% and 40% loading, release appeared to be 

immediate, as an estimate of the lag time was negligible. In contrast lag times of 

6.1min and 8.8min were determined for SAP compacts of 60% and 80% w/w benzoic 

acid loading, respectively. Parameter estimates and statistics for the fitted data, and 

for other models tested are listed in Appendix VI.

The percolation threshold for the drug {pd) was determined in accordance with the 

method of Bonny and Leuenberger {1991) from the linear portion of a plot of /? versus 

e {Equation 2.41, Figure 4.5 ). The critical porosity, Sc, was calculated to be 0.102, 

which corresponds to benzoic acid loading of between 10-20% w/w.

0.0035

0.003

-T 0.0025 -

0.002  -

0.0015 -

y = 0.0049X - 0.0005 
R2 = 0.9961

S- 0.001

% 0.0005 -

0.4 0.6 0.80 0.2
Porosity e

Figure 4.5 Plot of the tablet property /? versus porosity, s, for SAP compacts of 20- 

80% w/w benzoic acid loading, where f3 is defined in Equation 2.41.

This value was lower than 0.31 which is predicted for binary systems where the 

underlying lattice is assumed to be simple cubic {Siegel, 1989). However, an equally 

low Sc of 0,07 was determined for benzoic acid/ polyvinyl stearate systems by Hastedt
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and Wright {1990). It was postulated that this value resulted from incomplete mixing 

such that matrix-spanning clusters were formed at low loadings, or alternatively that 

benzoic acid was diffusing through the polymer, and not solely through 

interconnected pores.

The release rate constant, k, as listed in Table 4.1 was plotted against the loading A 

and VA {Figure 4.6 & Figure 4.7). From the resultant graphs it is evident that for 

these systems there was a linear relationship between k and A. With reference to 

Equation 2.26, this suggests the initial matrix porosity so was minimal and that the 

porosity, s, of the compacts was equivalent to the volume created by the soluble drug. 

Drug release should therefore be in agreement with Equation 2.27 {Higiichi A).
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Figure 4.6 Plot of A: VS, Figure 4.7 Plot of A: vs. vk.

Release rate constants were estimated using Higuchi A equation {Equation 2.27) 

substituting known values for Da Cs and p  and estimating r  as equal to n {Higuchi, 

1963). The deviation of predicted values from experimental values of k can be seen 

below {Figure 4.8). At 20% and 40% loading, corresponding to A values of 

0.215g/cm^ and 0.446g/cm^, respectively, the deviation is relatively small. However 

at higher loadings the predicted k value is much smaller than the actual value 

obtained.
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Figure 4.8 Release rate constant k obtained from curve fitting (♦) and predicted k 

values (— plotted against /i.

Using the release rate constant k, as determined from plots of Q vs. yi, data was fitted 

to Equation 2.27 {Higuchi A) enabling an estimation of the value of the apparent 

tortuosity, r, at each drug loading, to be made. Parameter estimates and statistics 

relating to the fit are listed in Table 4.2.

A trend of decreasing t  with increasing drug loading was seen. The r  value of 5 .9 

calculated at 20% loading explains why predicted k in Figure 4.8 is greater than actual 

k. Tortuosity at 60% and 80% loading was low relative to values determined at lower 

drug loadings, suggestive of an increase in the number of interconnecting pathways, 

facilitating drug release via a less tortuous path.

Table 4,2 Estimates of rand statistics for data fitted to Equation 2.27 {Higuchi A).

Parameters 20% 40% 60% 80%

T 5.88 2.24 1.32 0.78

SD 0.152 0.040 0,024 0.061

SS 5.5E‘̂ 2.8E'^ 1.3E'^ 1.4E-'*
7r 0.976 0.990 0.991 0,937

MSC 3.64 4.48 4.63 2.58

Data was subsequently fitted to Equation 2.31 {Ford), as illustrated in Figure 4.9. 

Parameters and statistics relating to the fit are listed in Table 4.3, with high MSC and 

r  ̂values reflecting how well this equation described the release from these systems.
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The lag time was shown to decrease with increasing loading, while the value of the 

exponent n increased from 0.331 to 0.736, when the loading was increased from 20% 

to 80%. The values of n obtained suggest that only systems of 40% and 60% loading 

appear to follow ^  diflfusional release, whereas at 80% loading, release is tending 

towards zero order. Estimates of k tended to increase with drug loading, the exception 

being 80% systems, where k  was close to the value calculated for compacts of 40% 

loading. However, the value of k is influenced by the value of the exponent n.
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Figure 4.9 Release data for SAP compacts of 20% (♦), 40% (■), 60% ( A )  and 80% 

w/w ( • )  benzoic acid loading in phosphate buffer pH 7.4, fitted to Equation 2.31 

{Ford).

Table 4.3 Parameters and statistics obtained for release data from SAP compacts of 

20%-80% w/w benzoic acid loading data fitted to Equation 2.31 {Ford).

Parameters 20% 40% 60% 80%

k (g/cm^/min'') 0.78x10'" 1.8x10'" 2,5x10'" 1,62x10'"

SDfork 4.07E'^ 9.28E'^ LllE '^ 8,62E'^

to (min) 9.17 7.07 6,37 2,83

SD for to 0.326 0.63 0.602 0,52

n 0.331 0,396 0.494 0,736

SD for n 0.01 0,01 0,009 0.01

0.995 0,997 0,999 0,999

SS 9.97^ 5,02E'^ 1,28E'^ 5.29E'’

MSC 5.15 5,56 6.36 7,382
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Lastly these data sets were fitted to an exponential model {Equation 2.17). The 

resultant plots are illustrated in Figure 4.10 and demonstrate the suitability of this 

model for describing release. High values for MSC and indicate that this model 

yields slightly superior fits relative to the Higuchi equation {Table 4.4).
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Figure 4.10 Release data for SAP compacts of 20% (♦), 40% (■), 60% (A) and 80% 

w/w benzoic acid loading in phosphate buffer pH 7.4 fitted to Equation 2.17 

{exponential).

Table 4.4 Parameter estimates and statistics obtained for release data from SAP 

compacts of 20-80% w/w benzoic acid loading, in phosphate buffer pH 7.4, fitted to 

Equation 2.17 {exponential).

Parameters 20% 40% 60% 80%

ki (min‘) 0.019 0.0175 0.0123 0,011

SD for k] 0.001 0.0008 0.0006 0.0006

Woo (mg) 13.12 45.88 109.1 216,7

SD for Woo 0.24 0.81 2,26 5,93

s s 2.91 23.4 67.13 344,3

0.988 0.993 0.995 0,994

MSC 4.22 4.62 5.21 4,98

In terms of describing the amount released versus time. Equation 2.31 {Ford) 

produces the best fits, however n is seen to change with drug loading. Of the other

71



Chapter 4 '^An Investigation o f  the Factors Affecting Release from Fatty Acid based Matrices

models tested both the Higiwhi equation (Equation 2.20) and exponential equation 

(Equation 2.17) were in agreement with the data.

4.4 EFFECT OF DRUG TYPE ON RELEASE 

4.4.1 Pure Drug versus Salt Form

Compacts were composed of 20% w/w sodium benzoate and 80% stearic acid (SAR). 

Increased release was seen when pure acid was replaced by its sodium sah form, 

consistent with a higher solubility in the dissolution media (Figure 4.11). The 

greatest difference in release occurred in the first 30-40 minutes of the dissolution run. 

Beyond this time period the profiles were reasonably parallel.
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Figure 4.11 Release profiles for SAR compacts of 20% w/w benzoic acid (♦) or 20% 

w/w sodium benzoate (■) loading, in phosphate buffer pH 7.4.

The data was plotted against vf. Sodium benzoate data yielded a MSC value of 2.28, 

suggesting that the fit was poor. Omitting the data up to 20min, corresponding to the 

initial phase, and fitting the remainder of the data to Equation 2.21 (vf intercept) 

improved the fit to give a. MSC value of 7.026 (Figure 4.12 & Table 4.5).

The release rate constant, k, was shown to be reasonably similar for the data fitted. 

This implies that after the surface burst from sodium benzoate systems, drug was 

released at a similar rate to that for benzoic acid systems.
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The increased surface release from sodium benzoate systems, relative to benzoic acid 

systems at early time points, was lower than would be predicted by the difference in 

yts, in conjunction with the Higuchi equation {Equation 2.19). The amount released 

over the first 20min of dissolution was 3 times greater for sodium benzoate systems, 

while the difference in was six-fold, relative to the free acid.
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Figure 4.12 Release data for SAR compacts of 20% w/w benzoic acid loading (♦) 

and of 20% w/w sodium benzoate loading (■), in phosphate buffer pH 7.4, fitted to 

Equation 2.20 {Higuchi) and Equation 2.21 {^intercept), respectively.

Table 4,5 Parameters and statistics obtained for release data from SAR compacts of 

20% w/w benzoic acid loading and of 20% w/w sodium benzoate loading, fitted to 

Equation 2.20 {Higuchi) and Equation 2.21 {yi intercept), respectively, after 3hr 

dissolution in phosphate buffer pH 7.4.

Parameters Benzoic acid Sodium benzoate

k (g/cm^/min^^) 2.60x10'^ 2.93x10"^

SD for k 2.27E'^ 2.06E'^

a (g/cm^) — 0.0016

SD for a — 2.11E'^

SS 1,58E'^ 5.41E'^

r^ 0.994 0.999

MSC 4.64 7.03
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The linear fit for sodium benzoate release versus vf, yielded an intercept suggesting 

that initial release was greater than would be described by the Higuchi matrix control 

model. After 20 minutes dissolution however, release appeared to follow kinetics 

and appeared to parallel the release o f benzoic acid.

The release of sodium benzoate and benzoic acid was also measured in 0. IN HCl 

solution (pH 1). All other production and experimental parameters were held 

constant. Release profiles are shown in Figure 4.13.
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Figure 4.13 Release profiles for SAR compacts of 20% w/w benzoic acid (♦ ) and of 

20% w/w sodium benzoate (■) loading, in 0. IN HCl (pH 1).

Both benzoic acid and its sodium sah form were released in lower amounts at pH 1 

than at pH 7.4. As at pH 7.4, initial release was greater from systems containing 

sodium benzoate. Both data sets were fitted to Equation 2.21 (y i intercept) {Figure 

4.14).
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Figure 4,14 Release profiles for SAR compacts of 20% w/w benzoic acid (♦)and of 

20% w/w sodium benzoate (■) loading, in 0. IN HCl (pH 1), fitted to Equation 2.21 

( intercept).

Rates of release were determined from plots of Q versus ^  for time points beyond 20 

min {Table 4.6). For systems of both free drug and sodium salt form, estimates of k 

were «3 times lower than corresponding values calculated at pH 7.4. Benzoic acid 

solubility was 0.00463g/cm^ at pH 1 and 0.01204g/cm^ at pH 7.4, with the ratio of 

yt's for benzoic acid at pH 7.4 to pH 1 being approximately 1.6.

Table 4.6 Parameters and statistics obtained for release data from SAR compacts of 

20% w/w benzoic acid loading and of 20% w/w sodium benzoate loading, in O.IN 

HCl, fitted to Equation 2.21 intercept).

Parameters Benzoic acid Sodium benzoate

k (g/cm^/min’ ̂ ) 0.9x10'^ 1,3x10'^

SD for k 2.14E-'^ 2.23E‘̂

a (g/cm^) 0.0007 0.0015

SD for a 2.75E'^ 2.96E'^

SS 3.87E'* 3.08E’*

r^ 0.986 0.995

MSC 4.02 4.89
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At pH \, k for sodium benzoate systems was »1.4 times greater than the value for 

benzoic acid systems. The increased rate of release was assumed to be a reflection of 

the higher solubility o f the salt form.

Equation 2.32 {burst Cobby) is an equation which combines an initial exponential 

drug burst, followed by Cobby ̂  release. Figure 4.15 shows the data fitted to 

Equation 2.32 with parameter estimates and related statistics listed in Table 4 .7,
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Figure 4.15 Release data for SAR compacts o f 20% w/w benzoic acid loading in 

O.IN HCl, pH 1 (♦ ) and in phosphate buffer pH 7.4 (■) and of 20% w/w sodium 

benzoate in acid ( A )  and in buffer ( • ) ,  fitted to Equation 2.32 {burst Cobby).

The fraction released by burst, appeared to be similar for benzoic acid at pH 1 and 

at pH 7.4. The higher estimates o i fboo obtained for sodium benzoate systems were 

also similar in both dissolution media. At both pH levels tested, fb^  for sodium 

benzoate systems was approximately double the value obtained for benzoic acid 

systems, Kr was «80% higher for sodium benzoate systems at pH 1 than for systems 

containing benzoic acid, while at pH 7,4, Kr was »40% higher for sodium benzoate 

than for benzoic acid. High MSC  and values demonstrate the appropriateness of 

this equation for describing release which is a combination of an initial surface burst 

followed by vf matrix diffusion.
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Table 4.7 Parameters and statistics obtained for release data from SAR compacts of 

20% w/w benzoic acid loading and of 20% w/w sodium benzoate loading, in O.IN 

HCl, pH 1 and in phosphate buffer pH 7.4, fitted to Equation 2.32 {burst Cobby) 

where ^9 .286.

Parameters BApH  1 SB pH 1 BA pH  7.4 SB pH  7.4^

Kr (min'^^) 0.61x10'" 1.11x10'" 1.79x10'" 2.54x10'"

S DforKr 3.49E'^ 3.46E'^ 9.35E'^ 4.68E'^

, f h o o 0.081 0.137 0.072 0.136

SDforfboo 0.0055 0.0066 0.02 0.0062

kb (mitf‘) 0.039 0.065 0.016 0.0847

SD for kb 0.0039 0.005 0.002 0.0068

SS 0.0004 0.0007 0.0009 0.0003

r^ 0.994 0.995 0.997 0.999

MSC 4.72 5.14 5.56 6.49

Fit based on 3hr data as opposed to 5hr release data for all other systems.

4.4.2 Procaine and Procaine Hydrochloride Release from Stearic Acid Compacts

Procaine free base and procaine hydrochloride were chosen as model basic drugs. 

Release of procaine and its hydrochloride salt from SAR matrices is shown in Figure 

4.16, also included are release profiles for benzoic acid and sodium benzoate.

Procaine hydrochloride was released to a greater extent than the free base form, which 

was consistent with the higher solubility value of the salt form in buffer pH 7.4. 

Release profiles of benzoic acid and procaine were similar, as were the profiles for the 

respective salt forms of the drugs. The pKa values reported are 4.03 {Ramtoola, 1989) 

and 9.0 (Fitzgerald, 1993) for benzoic acid and procaine respectively, which implies 

that at pH 7.4 both drugs were predominantly ionised. The G  of procaine was 

determined as 0.00764g/cm^ and benzoic acid was 0.01204g/cm^, demonstrating a 

two fold increase in solubility of acid, relative to base. The ratio of vCi of benzoic 

acid to procaine base is 1.26. The reported diflPiasion coefficient for procaine is 6.99 x 

10“̂  cmVmin (Me Gloughlin, 1989) which is close in value to that of benzoic acid, 

7.42 X lO '* cmVmin {Ramtoola, 1989). Using these physicochemical parameters in the
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Higuchi matrix control model, we expect procaine to be released at a lower rate than 

benzoic acid, because o f the solubility differences.
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Figure 4.16 Release from 20% w/w drug loaded SAR compacts o f benzoic acid (♦ ), 

procaine base (■), procaine hydrochloride ( A )  and sodium benzoate ( • )  in phosphate 

buffer pH 7.4.

Release data for procaine and procaine hydrochloride was fitted to b^uation 2.21 (vf 

intercept) as shown in Figure 4.17, with parameter estimates listed in Table 4.8.
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Figure 4.17 Release profiles for SAR compacts of 20% w/w procaine loading (♦ )  

and of 20% w/w procaine hydrochloride loading (■), in phosphate buffer pH 7.4, 

fitted to Equation 2.21 intercept).
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Table 4.8 Parameters and statistics obtained for release data from SAR compacts of 

20% w/w procaine loading (PB) and of 20% w/w procaine hydrochloride loading 

(PHCl), in phosphate buffer pH 7.4, fitted to Equation 2.21 intercept).

Parameters PB PHCl

k (g^cm^ min^ 2.10x10'^ 3.42x10"'

SD for k l.OOE'^ 8.82E'^

a (g/cm^) 0.00069 0.0006

SD for a 0.0001 0.0001

SS 1.74E'^ 1.35E'^

r^ 0.938 0.988

MSC 2.66 3,84

Procaine hydrochloride release was in better agreement with Equation 2.21 (v^ 

intercept) than procaine base as shown by the higher MSC value, though overall the 

values determined were low, indicative of a poor fit. The release rate constant for the 

salt form was » 60% higher than the value determined for the pure base.

Ignoring the initial burst of drug, the release rate constant for procaine base systems 

was 1.24 times lower than the rate of release previously determined for benzoic acid 

systems (Table 4.5). The ratio of the >(7̂  of acidic to basic drug was determined as 

1.26, which is obviously reflected in the release data.

Data was subsequently fitted to Equation 2.32 {hurst Cobby) as shown in Figure 4.18. 

The suitability of this equation for describing release from these systems was evident 

from the highM5'C and r^ values {Table 5.8).

kb and /&CC were slightly higher for the salt form relative to the free base, while the rate 

of release of the matrix-controlled phase {Kr), for procaine hydrochloride was double 

the value for procaine base. While kb was higher for sodium benzoate systems at pH 

7 .4, the value of Kr was similar to the estimate for procaine hydrochloride, suggesting 

that following the initial burst phase both drugs were released at similar rates.
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Figure 4.18 Release profiles for SAR compacts of 20% w/w procaine loading (♦) 

and of 20% w/w procaine hydrochloride loading (■), in phosphate buffer pH 7.4, 

fitted to Equation 2.32 {hurst Cobby).

Table 4.9 Parameters and statistics obtained for release data from SAR compacts of 

20% w/w procaine loading (PB) and of 20% w/w procaine hydrochloride loading 

(PHCl), in phosphate buffer pH 7.4, fitted to Equation 2.32 {burst Cobby).

Parameters PB PHCl

Kr (min"^) 1.28x10'" 2.60x10'"

SD for Kr 3.23E‘̂ 5.75E'^

fb o o 0,116 0.132

SD forfb^ 0.0063 0.0089

kb (min') 0.032 0.038

SD for kb 0.002 0.004

SS 0.0004 0.0011

r^ 0.999 0.996

MSC 6.99 4.99

4.4.3 Surface Texture Analysis

All matrices described above were analysed using laser profilometry before and after 

dissolution. The Ra value reflects the roughness of the surface, where IRa is a measure 

of the initial surface roughness of systems and ARa is used to denote the value
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obtained after dissolution. All discs, included in Table 4.10 initially had relatively 

smooth surfaces with an overall average IRa value o f »1.51(a,m. Roughness increased 

in all systems following dissolution. Table 4.16 lists the Ra values for systems 

discussed to date in this section.

Table 4.10 Roughness parameter IRa (initial Ra), and ARa values (after dissolution) 

for 20% w/w drug loaded compacts of benzoic acid (BA), sodium benzoate (SB), 

procaine base (PB) and procaine hydrochloride (PHCl), in O.IN HCl (pH 1) or in 

phosphate buffer pH 7.4.

System (pH) BA(1) SB(1) BA (7.4) SB (7.4/ PB (7.4) PHCl (7.4)

IRa (^jm) 1.84 1.26 0.88 1.13 2.11 1.81

CV(% ) 9.2 16.7 27.3 9.7 10.4 21.5

ARa (jum) 3.93 7.28 13.4 5.08 12.77 30.03

CV(% ) 9.9 20.19 4.25 S.27 17.4 11.62
t ■ ' * ' I I I  * »

Ra value after 3hr dissolution as opposed to 5hr dissolution for other systems.

The surfaces of sodium benzoate systems were rougher than those o f benzoic acid 

systems following dissolution at pH 1. After dissolution in pH 7.4 medium, AR„ for 

benzoic acid discs was higher than for equivalent discs assayed in pH 1 medium. 

Because of the dissolution time difference it was not possible to directly compare 

surface roughness o f sodium benzoate matrices at pH 1 and pH 7.4.

Within the procaine containing systems, ARa was much greater for the hydrochloride 

discs from which a greater amount of drug had been released. ARa values were 

comparable for systems of procaine base and benzoic acid. Release profiles {Figure 

4.16) showed similar drug release from these two systems.

4.5 EFFECT OF FATTY ACID TYPE 

4.5.1 Release Studies

The fatty acid samples chosen had melting points in excess o f body temperature and 

were o f high molecular weight. Based on the physicochemical properties of long 

chain fatty acids, these samples would be assumed to function as inert matrix forming 

materials. Using equivalent drug loading and assuming that drug was evenly
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dispersed throughout the matrix we would expect drug release to be the same, 

regardless of the fatty acid used.

Differences in amount and rate of drug release are evident from Figure 4.19 for 

compacts of 20% w/w benzoic acid with different fatty acids constituting the carrier 

material. For the two pure fatty acid samples, release from PA>SAP, suggesting that 

the amount released decreased with increasing carbon chain length. After 3hr 

dissolution, twice as much drug was released from PA systems compared to SAP 

systems. In contrast, drug release from compacts where the carrier material was a 

mixture of both stearic acid and palmitic acid (SAR & SPA), was higher. In terms of 

the amount of drug released after 3hr, SAR exhibited release that was approximately 

four times greater than from SAP matrices.
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Figure 4.19 Release from 20% w/w benzoic acid compacts of pure grade stearic acid 

(♦), palmitic acid (■), stearic-palmitic acid ( A ) ,  and stearic acid reagent grade ( • )  in 

phosphate buffer pH 7,4, fitted to Equation 2.32 (burst Cobby).

Kaewvichit {1994) reported differences in the amount of bovine serum albumin (BSA) 

released from compacts of pure grade stearic acid versus palmitic acid. In systems of 

20% drug loading, 90% of the initial drug load was released from PA matrices and 

47% release from SAP matrices after 96hr dissolution. There was therefore an 

approximately two-fold difference in amount released between PA and SAP systems.

Data for SAP, PA and SPA systems was fitted to the Higuchi equation {Equation 

2.20), with MSC values ranging from 1.09 to 2.8. Slightly improved fits were
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obtained using the Cobby equation {Equation 2.23) where MSC values ranged from 

1.13 to 2.94. In contrast, release data for SAR systems was in good agreement with 

Equation 2.23 {Cobby), the fit yielding a higher MSC value of 4.99. Data was 

subsequently fitted to Equation 2.32 {burst Cobby) showing better agreement than for 

the other equations previously tested {Table 4.11). Figure 4.19 shows release data for 

SAP, PA, SPA and SAR compacts fitted to Equation 2.32 {burst Cobby).

Table 4.11 Parameters and statistics obtained for benzoic acid release from 20% w/w 

loaded systems of pure grade stearic acid (SAP), palmitic acid (PA), stearic-palmitic 

acid (SPA) and stearic acid reagent grade (SAR) in phosphate buffer pH 7.4 fitted to 

Equation 2.32 {burst Cobby).

Parameters SAP PA SPA‘ SAR

Kr (min"^) i.gxio-'* 7.4x10'^ 9.6x10'^ 15.5x10"*

SD for Kr 2.01E'^ 1.98E'^ 3.64E'^ 1.80E'^

.fhoo 0.039 0.037 0.068 0.086

SDforfboo 0.003 0.003 0.005 0.030

kh (m in‘) 0.053 0.057 0.061 0.012

SD for kb 0.0079 0.0096 0.0057 0.002

SS 0.0002 0.00024 9.43E'^ 0.0005

r^ 0.986 0.996 0.997 0.996

MSC 3.52 5.14 5.92 5.19

'Values relate to 3hr dissolution as opposed to 5hr for other systems.

The fraction released in the burst at infinity, fba>, was similar for SAP and PA and 

approximately doubled for SPA and SAR systems. Kr increased in the order 

SAP>PA>SPA>SAR. It was apparent that the final amount released and rate of 

release was affected by the fatty acid composition of the matrix.

The release rate constant, Kr, was compared with the onset of melting of each fatty 

acid {Figure 4.20), which was determined by DSC. A trend was seen whereby the 

release rate was higher for fatty acid samples of a lower melting point. There was a 

5°C difference in onset of melting between SAP and PA, and Kr increased by a factor 

of 4 for systems of PA, relative to SAP. By comparison SPA melted at a temperature 

0.15°C higher than SAR and there was a 1.6-fold increase in Kr for systems of SAR,
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relative to SPA. This suggests that at lower temperatures, differences in onset of 

mehing produce more noticeable changes in Kr.

^  7 5 -

O )
65 - 

60 - 

55 -

40
0.0005 0.001 0.0015 0.0020

( m i n “ *)

Figure 4,20 Release rate constant, Kr, versus onset of mehing for SAP, PA, SPA and 

SAR displayed in that order.

Kaewvichit {1994) observed that bovine serum albumin release from fatty acid 

compacts, increased with changing fatty acid, in the order, SAP, palmitic acid and 

myristic acid. He calculated the release rate constant, k, by fitting data to an empirical 

exponential equation, and revealed that estimates increased with decreasing number of 

carbons in the fatty acid chain. In compacts of 20% bovine serum albumin the release 

rate increased, relative to k for stearic acid (Cig) by a factor of «1.35 and 3.54 for 

systems of palmitic acid (Cie) and myristic acid (Cm). SEM analysis o f myristic acid 

systems revealed that these compacts exhibited incomplete packing in the form of 

cracks on the disc surface. It was proposed that intermolecular bonding was weaker 

with fatty acids o f a lower carbon chain length, thereby enabling greater drug release. 

He also suggested that particle shape and surface appearance could affect packing.

4.5.1.1 Surface Texture Analysis

ARa values increased with increasing drug release {Table 4.12), though only the 

values for SAR compacts were significantly higher, than values for the other fatty 

acid systems. The differences between IRa and ARa for systems of SAP and PA were 

reasonably small. This was consistent with low release from these systems relative to 

the other fatty acids tested. For systems o f SPA significant increases in ARa relative 

to IRa were evident. It followed therefore, that for fatty acid systems with a higher 

melting point estimates of ARa were lower.
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Table 4.12 Ra values for 20% w/w benzoic acid systems o f pure grade stearic acid 

(SAP), palmitic acid (PA), stearic-palmitic acid (SPA) and reagent grade stearic acid 

(SAR), before and after 5hr dissolution in phosphate buffer pH 7.4.

Parameters SAP PA SPA‘ SAR

IRa (iMTt) 0.95 2.37 1.59 0.88

CV(%) 53.7 39.2 30.2 27.2

ARa (ijm) 1.62 3.7 4.46 13.4

CV(%) 8.64 30.5 4.04 4.25

^Ra value determined after 3hr dissolution.

4.5.2 Characterisation o f fatty acids

4.5.2.1 Differential Scanning Calorimetry

DSC profiles for fatty acid samples are illustrated below {Figure 4.21 & Figure 4.22). 

Two grades of stearic acid were compared, pure grade (SAP) and reagent grade 

(SAR) (Figiire 4.21). The onset o f melting for SAR and SAP were at temperatures of 

54.98°C and 67.3°C, respectively. Figure 4.22 illustrates heating curves for palmitic 

acid (PA) and stearic-palmitic acid (SPA) where onset o f mehing was 62.99°C and 

55.13°C respectively. Palmitic acid has a shorter carbon chain than SAP and 

therefore melts at a lower temperature. SAR and SPA were both known to consist 

largely o f a mixture of stearic acid and palmitic acid. The onset o f mehing for these 

two samples was »10°C lower than for either of the pure components. This 

depression in melting point is characteristic o f eutectic formation, which is common 

in mixtures of neighbouring fatty acid, that is Cie and Cig. The products SAR and 

SPA were assumed to be intimate mixtures of stearic acid and palmitic acid. Eutectic 

formation will be discussed further in Chapter 6.
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SAP

O nset 67.30 C

SAR

O nset 54.98 C

Figure 4.21 DSC scans for pure grade stearic acid (SAP) and reagent grade stearic 

acid (SAR).

PA

O nset 62.39 C

SPA

Figure 4.22 DSC traces for palmitic acid (PA) and stearic-palmitic acid (SPA).
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4.5.2.2 X-ray Diffraction

XRD patterns illustrated below, show sharp peaks indicating that the all powders were 

crystalline, as would be expected of fatty acid compounds {Figiire 4.23).

The position and relative intensity of the peaks of SPA closely resembled the 

diffractogram for SAR, while the x-ray patterns obtained for SAP and PA were 

similar. The diffraction patterns seen in both PA and SAP correspond to different 

orders of the first order reflection, that is where n=\, 2, 3 and so on, in accordance 

with Braggs law {Whiston, 1987). The d  spacings for palmitic acid and stearic acid of 

polymorphic form C, were obtained from Chapman (1965).

In all samples, major peaks were evident at ^22 and 24 20 degrees. The peak at 22 20 

degrees was of a greater intensity in SAR and SPA than in the pure fatty acid samples, 

SAP or PA. The intensity of the peaks is influenced by the orientation of the particles. 

The pure fatty acids, palmitic acid and stearic acid were composed of waxy, flat 

particles that possibly assumed an orientation such that they lay in plates. SPA and 

SAR, however were more spherical and adapted a random orientation such that the 

most intense reflection occurred at «20 20 degrees. X-ray traces for SAR and SPA 

are not the same as for the pure fatty acid samples. The first order d  spacing is not 

repeated at regular intervals through the scan, indicative of a mixed layer system.

</)ao

c

5 10 15 20 25 30 35

2 0 (degrees)

Figure 4.23 X-ray diffractograms for (a) stearic acid reagent grade (SAR), (b) stearic 

acid pure grade (SAP), (c) palmitic acid (PA) and (d) stearic-palmitic acid (SPA).
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4.5.3 Effect o f Sodium Stearate

The effect of replacing SAR with sodium stearate is shown in Figure 4.24. Release 

profiles overlapped for the most part, when SAR or sodium stearate alone constituted 

the matrix, though at later time points the release from sodium stearate systems was 

slightly higher. Significantly greater release was seen when the carrier was a 50; 50 

physical mix of SAR and sodium stearate.

Release data was fitted to Equation 2.20 {Higuchi) as shown in Figure 4.24. MSC 

values as listed in Table 4.13 were higher than the values 3.75, 3.74 and 5.10, 

obtained when data for systems a, b and c, respectively, was fitted to Equation 2.23 

{Cobby). Estimates of k were the same for systems of SAR and sodium stearate alone, 

and increased by a factor of k \2 1  when a 50:50 combination of the two was used.
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Figure 4.24 Release from 20% w/w benzoic acid compacts of SAR (♦), sodium 

stearate (■) and a 50:50 physical mix of SAR and sodium stearate ( A )  in phosphate 

buffer pH 7.4, fitted to Equation 2.20 {Higuchi).
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Table 4.13 Parameters and statistics obtained for release from 20% w/w benzoic acid 

systems using (a) SAR, (b) sodium stearate and (c) a 50:50 physical mix of sodium 

stearate and stearic acid as the carrier material, in phosphate buffer pH 7.4, fitted to 

Equation 2.20 (Higuchi).

Parameters a h c
/ /  / 1 k (g cm /mm ) 2.6x10'^ 2.6x10'^ 3.3x10''*

SD for k 2.27E'^ 3.28E'^ 1.93E'^

SS 1.58E'^ 3.31E-’ 1.15E'^

r^ 0.994 0.986 0.996

MSC 4.64 3.99 5.41

4.5.3.1 Surface Texture Analysis

IRa values were similar while ARa  values decreased in the order a, c, h. In Section 

4.4.3 di 4.5.1.1 results indicated that higher ARa values were consistent with an 

increased amount of drug release. However, for sodium stearate, systems the trend 

was in contrast to that previously seen for benzoic acid, procaine and the various fatty 

acid systems. Instead ARa seemed to be influenced by the SAR content of the matrix. 

The highest ARa value was obtained from systems containing SAR alone as the carrier 

material, reducing on substitution of SAR with 50% sodium stearate, and decreasing 

further when the matrix was formed only from sodium stearate.

Table 4.14 /?a values for systems of 20% w/w benzoic acid and (a) SAR, (b) sodium 

stearate and (c) a 50; 50 physical mix o f SAR and sodium stearate.

Parameter a b c

IRa (/M Tl) 0.88 1.04 1.33

CV(%) 27.3 11.5 26.3

ARa (jjm) 6.15 2.75 5.43

CV(%) 10.4 10.5 9.94

89



Chapter 4 ~ An Investigation o f  the Factors Affecting Release from Fatty Acid based Matrices

4.6 EFFECT OF SODIUM SALT FORMS

The effect of combining both sodium salt forms of drug and carrier material was 

investigated. Discs were produced of 20% sodium benzoate, with a 50:50 physical 

mix of stearic acid and sodium stearate constituting the matrix-forming component. 

The release profiles were very different to those for other systems studied {Figure 

4.25).

I  20 -

■D

160 1800 20 40 60 80 100 120 140
Time (min)

Figure 4.25 Release from systems of 20% w/w benzoic acid and SAR (♦), 20% w/w 

benzoic acid and a 50:50 physical mix of SAR and sodium stearate (■), 20% w/w 

sodium benzoate and SAR ( A )  and 20% w/w sodium benzoate and a 50:50 physical 

mix of SAR and sodium stearate ( • )  in phosphate buffer pH 7.4.

Release from compacts containing both sodium salt forms showed anomalous 

behaviour, and appeared to be deviate from the expected ^  relationship on first sight, 

unlike other systems discussed so far in this chapter. However the data could be 

viewed as three separate release phases, which followed an initial lag, the rates of 

which are summarised in Table 4.15 {Figure 4.26).
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Figure 4.26 Release data for systems of 20% w/w sodium benzoate and a 50:50 

physical mix of SAR and sodium stearate, as the carrier material, in phosphate buffer 

pH 7,4, plotted against

Table 4.15 Parameters and statistics obtained for release data for systems of 20% 

w/w sodium benzoate with a 50:50 physical mix of SAR and sodium stearate, as the 

carrier material, fitted to Equation 2.21 {^intercept).

Parameters Phase I Phase 2 Phase 3

k (g/cm^ m m ’ )̂ 7,08xl0'^ 16.9x10'^ 6.42xl0’̂

SD for k 5.01E'^ 1,41E'^ 2.40E‘̂

c (g/cm^) -0.002 -0.011 0.0001

SD for c 2.9x10'^ 1.26x10'^ 2,54x10'''

SS 1.47E'^ 1.25E'* 8,02E'^

0,976 0,976 0.997

MSC 3,25 3,63 5,88

The rates of release determined for the first and third phase of release were not 

significantly different, while k for the middle phase was significantly greater. This 

suggests that release was mainly diffusion controlled and in agreement with 

kinetics. The cause of the increased release rate between «60-100 minutes is not 

known.

91



Chapter 4 ~ An Investigation o f  the Factors Affecting Release from Fatty Acid based Matrices

4.6.1.1 Surface Texture Analysis

In systems where SAR alone constituted the matrix forming material, ARa generally 

was higher for systems from which a greater amount of drug had been released (see 

Table 4.10). The opposite trend was evident in compacts of 20% w/w sodium 

benzoate with sodium stearate and SAR forming the carrier material, where ARa ~ 

2.96±0.55|j,m was significantly lower (p>0.05, students t test) than roughness values 

for the other systems included in Figure 4.25 (Table 4.14).

4.7 EFFECT OF STIRRING SPEED

The effect of stirring speed was tested on discs composed of 50% w/w benzoic acid 

and 50% w/w SAR. As illustrated in Figure 4.27 there was no significant difference 

in drug release over the stirring speed range 50-150rpm. However, when the medium 

was agitated at 200rpm the amount of drug released was higher, especially after 

wl40min where there was an obvious increase in the slope of the release profile. 

After 5hr dissolution at 200rpm the amount of drug released was »40% greater than 

from systems agitated at a lower stirring speed.

Release data was fitted to Equation 2.20 (Higuchi) with which it was in good 

agreement {Figure 4.27 & Table 4.16). The release rate constant, k, was similar when 

stirring speeds of 50-150rpm were employed, but increased by a factor of «1.3 on 

increasing the stirring speed to 200rpm.
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Figure 4.27 Release data for 50% w/w benzoic acid compacts at 50 (♦), 100 (■), 150 

( A )  and 200 ( • )  rpm plotted against

Table 4.16 Parameters and statistics obtained from fitting release data for SAR 

compacts of 20% w/w benzoic acid loading, agitated at speeds of 50-200rpm, to 

Equation 2.20 {Higitchi).

Parameters 50rpm lOOrpm I50rpm 200rpm

k (g cmi /̂miri  ̂̂ ) 8.12x10''' 7.91x10'^ 8.33x10''' 10.6x10''*

SD for k 3.92E'^ 3.22E'^ 2.82E'^ 1.48E'^

SS 2.1E‘‘̂ 1.4E'^ I.IE'^ 2.9E'^

r^ 0.996 0.996 0.997 0.976

MSC 5.07 5.19 5.59 3.17

Improved fits were observed using Equation 2.31 (Ford) as depicted in Figure 4.28. 

Table ■/. 77 lists parameter estimates and statistics relating to the fit. It is obvious fi'om 

the MSC values that data was in good agreement with this equation. Parameter 

estimates revealed that there was lag time when stirring speeds of 50-150rpm were 

employed. At the higher stirring speed of 200rpm, the estimate of to (lag time) was 

negligible. Estimates of n demonstrate that release fi'om systems at 50-150rpm is vf 

diffusion controlled. At 200rpm n was 0.655, suggesting that release from these 

systems was tending towards zero order control.
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Figure 4.28 Release from SAR compacts of 50% w/w benzoic acid loading, agitated 

at 50 (♦), 100 (■), 150 ( A )  and 200 ( • )  rpm in phosphate buffer pH 7.4, fitted to 

Equation 2.31 {Ford).

Table 4.17 Parameters and statistics obtained for release data from SAR compacts of 

50% w/w benzoic acid loading, agitated at 50 (♦), 100 (■), 150 ( A )  and 200 ( • )  rpm 

in phosphate buffer pH 7.4, fitted to Equation 2.31 {Ford).

Parameters 50 rpm 100 rpm 150 rpm 200 rpm

k (g^crr^ mirf) 7.3x10'^ 11.4x10'^ 13.3x10'^ 4.96x10"*

SD for k 1,56E'^ 1.61E'^ 1.83E'^ 5.73E'^

n 0.523 0.433 0.444 0.655

SD for n 0.0039 0.0026 0,0029 0.0209

to (min) 4.16 6.49 5.93 NS

SD fo r to 0.472 0.267 0,321 NS

SS 1.19E'^ 8.09E'* 1.07E'^ 3.13E'®

0.999 0.999 0.999 0.999

MSC 7,79 7.90 7.76 5,22

4.7.1.1 Surface Texture Analysis

Surface roughness of the disc surfaces following dissolution was measured {Table 

4.18). Although IRa estimates for 100-200rpm compacts were high, relative to 50rpm 

systems, the spread of the data, as reflected by high estimates of CV suggested that
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surfaces were equally smooth. After dissolution, the surface roughness o f all 

compacts had increased.

Table 4.18 Ra values for SAR compacts of 50% w/w benzoic acid loading, agitated at 

50 (♦), 100 (■), 150 ( A )  and 200 ( • )  rpm in phosphate buffer pH 7.4.

Parameter 50 rpm 100 rpm 150 rpm 200 rpm

IRa (^m) 1.17 1.37 1.73 2.47

CV(%) 2,56 23.3 39.8 48.2

ARa (jMV) 10.4 9.47 11.97 13.03

CV(%) 10.19 3.69 5.4 17.26

While higher ARa values were obtained for compacts agitated at 150-200rpm, relative 

to the lower stirring speeds employed, the differences were not statistically 

significant.

4.8 EFFECT OF COMPACTION PRESSURE

The effect of compaction pressures o f 1, 3 and 7 tons on drug release was 

investigated. Duplication o f the experiment with different batches revealed that no 

statistical difference existed between two batches, each prepared on different days.

Figure 4.29 shows the average rate of release for compacts prepared at each 

compaction pressure. Overlapping profiles suggest that the release rate did not vary 

significantly with compaction pressure.
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Figure 4.29 Average rate o f release from 20% w/w benzoic acid/ SAR systems 

prepared at 1 (♦ ), 3 (■) or 7 ( A )  tons compaction pressure vs. time (n=6).

The unpaired t test {Section 4.9) was used to statistically compare the effect of 

compaction pressure on the rate of drug release. Calculated values of t fell below the 

critical t value, proving that the rates of release were not significantly different at 

compaction pressures tested.

4.8.1.1 Surface Texture Analysis

Surface roughness after dissolution was determined and estimates of ARa are listed in 

Table 4.19. In all compacts, dissolution resulted in rougher matrix surfaces. Over the 

compression range tested the differences in ARa values were not statistically 

significant.

Table 4.19 Ra values for discs of SAR and 20% w/w benzoic acid, compacted at 1, 3 

or 7 tons following dissolution.

Parameters 1 ton 3 tons 7 tons

IRa (fjm) 1.87 1.91 0.88

CV(% ) 12.4 15.2 27.3

Ra 13.93 17.37 13,4

CV(% ) 2.9 17.9 4,25
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4.9 CONCLUSIONS

Stearic acid (SAP) as received was demonstrated to be a suitable carrier material for 

the release of small molecular weight model compounds. Both the release rate and 

the amount of benzoic acid released was shown to increase with increasing loading. 

Estimates of apparent tortuosity were shown to decrease with increasing drug loading, 

consistent with an increase in the number of connecting pathways, facilitating easier 

release.

In general, release data for the various systems discussed in this chapter, was in 

reasonable agreement with vf kinetics. The release mechanism was not affected by 

varying the stirring speed in the range 50-150rpm, or ahering the compaction pressure 

from l-7tons. For certain systems the addition of a parameter to account for an initial 

burst phase or a lagtime, improved the fit.

The choice of fatty acid for matrix production was shown to affect the rate and 

amount of drug released, which in terms of the Higiichi equation suggests differences 

in the internal pore structure, such that estimates of e and r  are changed. An inverse 

relationship between the release rate constant Kr and onset of mehing of fatty acid 

was observed. When systems were composed of sodium benzoate in a matrix of 

sodium stearate and SAR, a different release profile was evident, which appeared to 

consist of three phases of diffusion controlled release.
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5.1 INTRODUCTION

The Higiichi equation was demonstrated in Chapter 4 as giving a reasonably good 

description of release for many of the systems studied. The values of Do=l A1 xlO"'̂  

cm^/min and Cj=0.01204g/cm^ were used with estimates o f^  and e, as listed in Table 

5.1, and assuming t  to be equivalent to !t, to simulate release at different drug 

loadings {Figure 5.1).

Table 5.1 Estimates of A and s  for benzoic acid/SAR compacts of 20-80% drug 

loading as defined by Equation 2.19 (Higuchi).

Parameters 20% 40% 50%) 60% 80%

A (g/cm") 0.215 0.446 0.603 0.723 1.004

s 0.152 0.323 0.417 0.517 0.741
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Figure 5.1 Release of benzoic acid from stearic acid compacts of 20% (—), 40%

(—), 50% (— ), 60%(.... ) and 80% w/w (-----) drug loading, as predicted using the

Higiichi equation {Equation 2.19).

Since this simulation assumes that r  remains constant, the changes in release profiles, 

related to higher values of A and e with increasing loading. However, it is reasonable 

to assume that t  varies, and is influenced by s.
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The role of particle size in the context of percolation threshold has been extensively 

investigated by Caraballo et al {1993). In compacts of potassium chloride and 

Eudragit, both of particle size 125-250|o,m, release was compared with systems where 

the drug was of a higher particle size (250-500|j,m). The increase in drug particle size, 

relative to excipient particle size, resulted in a 20% reduction in the amount released 

over a specified period of time. Subsequently a linear relationship between the drug 

particle size and the percolation threshold (pci) was demonstrated {Caraballo et al, 

1996), in systems where the excipient particle size was held constant. More recently 

it was reported {Caraballo et al, 1998) that it was the drug/excipient particle size ratio 

rather than the absolute particle size than influenced the percolation threshold.

Kaewvichit & Tucker {1994) studied the effect of particle size on drug release from 

stearic acid matrices. When stearic acid particle size was small, the amount of bovine 

serum albumin released increased with increasing drug particle size. In contrast, 

when a large stearic acid particle size was employed, the amount of drug released was 

lower when drug particle size was also large.

Even though the Higuchi equation has been shown to describe release from compacts 

discussed in Chapter 4, it is independent of particle size of the excipients. In this 

study the effect of particle size was investigated over a range of drug loadings.

5.2 DRUG RELEASE STUDIES 

5.2.1 Effect o f  Particle Size and Loading

Initially three particle size ranges were employed (a) 0-63|^m, (b) 63-I25|im and (c) 

125-250|j,m. Compacts were prepared from drug and SAR of equivalent particle size 

at 20% and 80% w/w drug loading. The particle size of carrier and soluble drug were 

matched so as to aid mixing.

Release from compacts of equivalent drug loading was affected by particle size of the 

components {Figure 5.2). At 20% loading, drug release from systems of particle size 

a and b overlapped at time points up to 100 minutes, marginally greater release 

resulting from systems of particle size b beyond this time. In this study the greatest 

release was achieved from the larger particle size system c. The amount released, per
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unit exposed surface area (Q), from compacts of 20% drug loading increased by a 

factor of approximately 1.2 or 1.5 on changing from systems of particle size range a, 

to h or c.
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Figure 5.2 Release data for SAR compacts of 20% w/w benzoic acid loading, where 

the particle size of both components was (a) 0-63fj,m (♦), (b) 63-125|j.m (■) and (c) 

250-500|j,m ( A )  fitted to Equation 2.20 {Higuchi).

The effect of particle size on release was more obvious at 80% loading as shown by 

large variations in the amount of drug released after 3hr {Figure 5.3). The amount 

released was shown to increase by a factor of approximately 1.3 and 2.1 on increasing 

particle size from a to A and to c, respectively.
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Figure 5.3 Release data for SAR compacts of 80% w/w benzoic acid loading, with 

both components of particle size (a) 0-63|j,m (♦), (b) 63-125|j,m (■) and (c) 250- 

500|j,m ( A )  fitted to Equation 2.20 {Higtwhi).

The release rate constant was affected by particle size of the components {Table 5.2). 

At 20% loading the release rate constant increased by a factor of 1.12 and 1.5 on 

changing from particle size a  to and c, respectively. The effect of particle size on k 

was more pronounced at 80% loading, where the release rate constant was 1.35 and 

2.1-fold higher for systems of particle size h and c, respectively, relative to a. Release 

from compacts of 80% loading was better described by the Higiichi equation 

{Equation 2.20) than release data at 20% loading, based on values of MSC and

Table 5.2 Parameters and statistics obtained for release data from SAR compacts of 

20% or 80% w/w benzoic acid loading, with both components of particle size (a) 0- 

63(4,m, (b) 63-125|im or (c) 250-500[j,m, fitted to Equation 2.20 (Higuchi).

Parameters 20% a 20% h 20% c 80% a 80% b 80% c

k (g/cm^/min^ ̂ ) 2,33x10"* 2.6x10'^ 3.50x10“* 1.85x10'^ 2,50x10'^ 3,88x10'^

SD 3.4E'^ 2.27E-'' 6.62E'^ 1.29E'^ 1,7E'^ 2,92E'^

SS 3,56E'^ 1.58E'^ 1.35E'^ 5.12E'^ 8,93E‘̂ 2,62E'^

0.986 0.991 0.957 0.996 0,996 0.995

MSC 3.36 4.64 2.69 5,05 5,08 4,93
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With respect to the Hignchi equation, the differences seen suggest changes in the ratio 

of s  to T. The data shows that with increasing particle size of the pure components, 

higher amounts of drug are released, indicating that s  is increased and/or ris  reduced.

This study was extended to assess drug release over a greater range of drug loading, 

using powders of particle size 63-125|j,m (small, s) and 250-500[j.m (large, 1). 

Compacts were prepared with drug and carrier material of equivalent particle size. As 

before {Figure 4.2), the amount of drug released increased with increasing drug 

loading {Figure 5.4 & Figure 5.5). Release data fitted to Equation 2.20 {Higuchi) 

was in good agreement with "vf release {Figure 5.4 & Figure 5.5).
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Figure 5.4 Release data for SAR compacts of 5% (♦), 10% (■), 20% (A), 40%(*), 

50% (*), 60% (x) and 80% w/w (+) benzoic acid loading, with both components of 

particle size 63-125|4,m (s) fitted to Equation 2.20 {Higuchi).

Table 5.3 and Table 5.4 list estimates of k and related statistics for systems of small 

and large particle size, respectively.
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Table 5.3 Estimates o f k  (g/cmVmin'’̂ ) and statistics obtained for data from SAR 

compacts of 5-80% w/w benzoic acid loading, with both components of particle size 

63-125|im (s), fitted to Equation 2.20 (Higuchi).

Parameters 5%s 10%s 20%s 40%s 50%s 60%s 80%os

k 0.817x10'^ 1.3x10'^ 2.6x10'^ 6.9x10''* 9.6x1 O''* 9.4x10'^ 25x10"'

SD 9.39E’’ 1.05E-'' 2.27E'‘̂ 4.84E'^ 5.98E'^ 8.3E'^ 1.7E'^

SS 2.7 IE'* 3.39E'* 1.58E'^ 7.22E’’ I.IE'^ 2.12E'^ 8.93E''^

r^ 0.986 0.994 0.994 0.995 0.996 0.994 0.996

MSC 4.08 4.61 4.64 4.95 5.23 4.64 5.08
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Figure 5.5 Release data for SAR compacts of 5% (♦), 10% (■), 20% (A ) ,  40%(»), 

50% (*), 60% (x) and 80% w/w (+) benzoic acid loading, with both components of 

particle size 250-500(o,m (1) fitted to Equation 2.20 {Higuchi).

Figure 5.4 and Figure 5.5 show a similar trend in release profiles. For both particle 

size ranges, release profiles, for systems of 5%, 10% and 20% benzoic acid loadings, 

lay close together. Similarly for loadings o f 40%, 50% and 60%, release was of the 

same order, and at 80% loading a significantly higher amount o f drug was released. 

At all drug loadings the amount released, after 3hr, was consistently approximately 

1.3 times higher with the larger particle size systems, relative to small particle sized 

compacts.
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Table 5.4 Estimates of k (g/cmVmin*^ )̂ and statistics obtained for data from SAR 

compacts of 5-80% w/w benzoic acid loading, with both components of particle size 

250-500(j,m (1), fitted to Equation 2.20 (Higuchi).

Parameters 5%l 10%l 20%l 40%I 50%l 60%l 80%l

K O.BSxlO"" 1.7x10''^ 3.5x10'^ 8.8x10“’ 11x10-'* 16x10'* 39x10'^

SD 7.64E'^ 1.33E'*̂ 6.62E'^ 1.64E'^ 1.52E'^ 1.74E'^ 2.92E'^

ss 1.79E'* 5.4E'* 1.35E’̂ 8.28E'^ 7.09E'^ 9.32E'^ 2.62E'^

0.990 0.994 0.947 0.954 0.976 0,986 0.995

MSC 4.37 4.71 2.69 2.75 3.46 3.91 4.93

A linear relationship was demonstrated between the release rate constants for systems 

of large and small particle size {Figure 5.6). The value of k for large particle sized 

systems was »1.6 times higher than k for small particle sized systems of equivalent 

drug loading.

0.0045

0.004

0.0035 - y = 1 5649X - 9E-05 
R2 = 0.9840.003

JJ, 0.0025 -

0.002

0.0015 -

0.001 -

0.0005 -

0.0015 0.002 0.0025 0.0030 0.0005 0.001

k (small)

Figure 5.6 The release rate constant, k, (g/cmVmin*^^) for large particle sized systems 

(250-500|o.m) versus k  (g/cmVmin“^) for small particle sized systems (63-125[j,m), of 

SAR and 5-80% w/w benzoic acid.

Actual release was compared with release as predicted by the Higiwhi equation 

{Equation 2.19) in Figure 5.7. At 20% loading the equation predicts greater release 

than was achieved from either particle size system. For systems of 60% loading, 

actual data straddles the predicted profile, with smaller particle size systems showing
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lower release than predicted. With compacts of 80% drug loading, release superceded 

the simulated release profile for both particle sizes. It is therefore apparent, that 

values o f e and r  change for systems o f different particle size, which ultimately affects 

the value o f k. That A: is .6 times higher at all drug loadings with large particle size 

systems, relative to small particle size systems, is suggestive o f a more porous and/or 

less tortuous matrix.
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Figure 5.7 Release from SAR compacts of particle size 63-125jj,m (small, s) o f 20% 

(♦), 60% ( A )  and 80% w/w (x) benzoic acid loading and 250-500|am (large, 1) 

particle size of 20% (■), 60% ( • )  and 80% w/w (+) benzoic acid loading, compared 

with simulated release for loadings of 20% (— )̂, 60% (—) and 80% (••••) as predicted 

by the Higiichi equation {EquaUon 2.19).

The results are in agreement with findings previously reported in literature 

{Kaewvichit & Tucker, 1994, Caraballo, 1998) which propose that particle size, 

though not a parameter in the Higuchi equation, has a significant effect on drug 

release.

Siegel et al {1989) proposed that the terms e and r, in Equation 2.19 {Higuchi) be 

combined producing a single term, the formation factor (F) which is a measure o f the 

ratio s  to r. The authors define F  as a factor, which accounts for the effects o f pore 

geometry and topology on diffiasion. The formation factor will be <1, whereby a 

value close to 0 implies that the matrix system has a large retardation effect on drug
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release. In contrast, a value of F  close to 1 suggests that the matrix does not provide a 

great resistance to drug flow. Using known values for Do, A , and Cs, estimates of F  

were determined by fitting data to Equation 2.29 {Higuchi F) (Table 5.5). The trend 

for F  versus drug loading and particle size is depicted in Figure 5.8.

Table 5.5 Estimates of the formation factor, F, and calculated values of A, for SAR 

compacts of 5-80% w/w benzoic acid loading, and particle size 63-125pim (sml) or 

250-500|j,m (Ige), where Do is 7.42 x lO'^'cmVmin {Ramtoola, 1989) and Cs is 

0.01204g/cm^ as experimentally determined, when fitted to Equation 2.29 {Higuchi

n
Parameters 5% 10% 20% 40% 50% 60% 80%

A (g/crtf) 0,052 0.104 0.215 0,446 0,602 0,723 1,004

Small F 0.007 0.009 0.018 0,059 0.086 0,068 0,348

Large F 0.008 0.016 0,032 0,097 0,112 0,199 0,838

0.9 ^

y = 0 .0 0 8 1 6 “ ■
=  0.9802 ,

0.7
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Figure 5.8 Estimates of F  as determined from Equation 2.29 {Higuchi F), plotted 

against drug loading for SAR compacts of 5-80% w/w benzoic acid loading, with both 

components of particle size 63-125|o,m (small) (♦ ) and 250-500|j,m (large) (■).

Estimates of F  increased with increasing drug loading. The only exception being for 

60% small systems. At 5% drug loading, F  was practically identical for systems of 

small and large particle size. However at all other drug loadings, F  for large sized 

systems was consistently higher than for the respective small sized systems, ranging
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from 1.3 to 2.9 times greater. At 80% drug loading for large sized systems the matrix 

appeared to offer little resistance to drug release, as F  was close in value to 1.

The relationship between porosity and drug loading was linear {Table 5.1). Therefore 

the non-linear profiles illustrated in Figure 5.8 indicated that changes in r  were not 

proportional to changes in s. Drug loading was exponentially related for values of F  

for both particle sized systems.

Siegel and Langer (1990) observed that drug release occurs primarily through a 

network of pores created by soluble drug particles. Pore formation allows wetting of 

the entire matrix system and encourages release of internal drug particles. Therefore, 

with increasing drug loading, the number of connective pathways formed will be 

greater and consequently the amount of drug released will also increase. Estimates of 

F, in benzoic acid/SAR systems increased with increasing drug loading. The values 

determined, suggest that at higher drug loadings the porosity increased and/or the 

tortuosity decreased. At higher drug loading the connective network spans a greater 

area of the matrix, thereby lowering the tortuosity. High porosity estimates result 

with increasing loading, as the soluble fraction of the matrix is increased. The values 

of F  therefore tend towards 1, as high porosity is coupled with low tortuosity.

Percolation thresholds were calculated for small and large systems in accordance with 

the method defined by Bonny & Leuenberger {1991) {Equation 2.39- Equation 2.42). 

Estimates of p d  were determined from the linear portion of plots of p  versus s. For 

small systems, pci was 0.34 and for large systems the value was 0.32. In terms of 

drug loading, these critical porosities correspond to a drug loading of slightly greater 

than 40% w/w for small systems, and just below 40% w/w for large systems. 

Identification of the percolation threshold is an important preformulation tool as 

above pci release from a bicoherent systems is an agreement with Higuchi yi kinetics 

{Leuenberger et al, 1990). The values of pci determined, are reflected in the changes 

in F  with drug loading, whereas at loadings below pci, increasing the drug loading 

yields minimal increases in F {Figure 5.8). At drug loadings above »40% w/w, in 

which the critical porosity has been exceeded, the values of F  rise exponentially with 

increasing drug loading.
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5.2.2 Surface Texture Analysis o f  Discs

IRa values were similarly low for al systems, regardless of loading or particle size, 

indicating that surfaces were smooth {Figure 5.9). After dissolution, surface 

roughness had increased in all systems. There was an obvious trend in ARa where 

higher values were determined for systems of 5 and 10% loading, relative to systems 

of 20% loading, for both particle sizes. Beyond 20% loading, ARa was shown to 

increase with loading. The higher ARa values for large particle size systems, relative 

to the smaller systems, may have resulted from larger indentations on the matrix 

surface as a result of drug release of particles of greater diameter.
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50 -

10 70 8020 30 40 50 600
Loading (%)

Figure 5.9 Ra values plotted against drug loading, for SAR compacts of 5-80% w/w 

benzoic acid loading, with both components of particle size 63-125|im before 

dissolution(A) and after dissolution (♦) and 250-500|j,m, before (• )  and after 

dissolution (■).

The relative difference in ARa between drug loadings of 20% to 60% is small, in 

comparison to the estimates obtained for systems of 80% loading. These changes are 

evident from visual inspection of the discs {Figure 5.10 & Figure 5.11).
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Figure 5.10 Photographs o f SAR compacts of 20%, 50% and 80% w/w benzoic acid 

loading, of particle size 63-125|j.m, after 3hr dissolution in phosphate buffer pH 7.4 

(left to right).

Figure 5.11 Photographs of SAJR. compacts o f 20%, 50% and 80% w/w benzoic acid 

loading, of particle size 250-500[o,m, after 3hr dissolution in phosphate buffer pH 7.4 

(left to right).

The ratio of ARa after dissolution between large and small particle sized systems was 

determined at each loading {Figi4re 5.12).
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Figure 5.12 Ratio oiARa  values for large/ small particle sized systems of SAR and 5- 

80% w/w benzoic acid.

There was a slight upward trend in ARa ratios between large and small particle sized 

systems with increasing drug loading. The average ratio between ARa large and ARa 

small was »2.4. Typical profilometry traces for 20% loaded compacts o f small 

particle size and for 60% systems of large particle size, before and after dissolution 

are included in Appendix VII.

Apparent tortuosity values were determined from fits, of release data for systems of 

5%-80% drug loading and small (63-125iJ,m) and large (250-500|am) particle size, to 

the Higuchi equation {Equation 2.19) {Table 5.6). Estimates o f e  were calculated as 

the volume fraction ratio o f components.

Table 5.6 Values o f e, calculated as volume fraction ratios o f the components, and 

estimates of r, obtained from fitting data to the Higuchi equation {Equation 2.19) for 

SAR compacts o f 20-80% w/w benzoic acid loading, with both components of 63- 

125|^m (small) and 250-500[im (large).

Parameters 20% 40% 50% 60% 80%

£ 0.152 0,323 0.417 0.517 0.741

T (srrmll) 8.63 5.25 4.81 7.45 2.15

T (large) 4.81 3.29 3.59 1.1 A, 0.88
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Tortuosity estimates decreased with increasing drug loading, consistent with an 

increased number of connective pathways providing a less tortuous route of drug 

release. The value determined for 60% systems of small particle size, was the only 

exception to this trend. At all drug loadings, r  for small systems was higher than for 

the equivalent loading of large particle size. This is consistent with the view, that the 

internal structure o f compacts prepared from larger sized particles was such that it 

facilitated easier drug release than for small particle sized systems.

An approximate inverse linear relationship between r  and ARa was demonstrated for 

systems of 20-80% drug loading {Figure 5.13).
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Figure 5.13 ARa versus apparent tortuosity (t) for SAR compacts containing 20%- 

80% w/w benzoic acid, with both components o f 63-125|j,m (♦ )  and 250-500(j,m (■) 

particle size.

The decrease in ARa with increasing tortuosity was more pronounced for systems of 

large particle size. The slope of the line for large systems was approximately 8 times 

greater than for small particle size systems. Compacts o f low tortuosity demonstrate 

high drug release, which was shown to correlate with large ARa values. This indicates 

that as T decreases, drug is released in higher amounts, the consequence o f which is a 

rougher surface, hence the increased estimate o f ARa. Furthermore, the relationship is 

affected by particle size with more distinct changes demonstrated with systems of 

larger particle size.
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5.2.3 Dissolution Testing over an Extended Time Period

Dissolution studies of 3hr, 5hr, and 15hr were performed on SAR compacts of 20% 

w/w benzoic acid loading and small particle size. Release was fitted to the Higuchi 

equation {Equation 2.20) with which it was in good agreement {Figure 5.14 & Table 

5.7).

Values of k, for systems of 3hr, 5hr and the first 5hr of a 15hr dissolution test, were 

shown to be similar. Although k for systems of 3hr dissolution was smaller, values of 

O overlapped. For the 15hr release data, a second phase of release was evident 

beyond 5hr, which was also linear when plotted against The release rate constant, 

k, was half the value of that determined for the first 5hr of dissolution.
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Figure 5.14 Release from SAR compacts of 20% w/w benzoic acid loading, with 

both components of particle size 63-125jj,m and dissolution time of 3hr (♦), 5hr (■) 

and 15hr (A ) ,  fitted to Equation 2.20 {Higuchi).

After 15hr only 50% of the contained drug load had been released. In contrast, for 

systems of 80% drug loading, the complete drug load was released after 6hr 

dissolution {Appendix VIII). The percolation threshold corresponded to a drug 

loading of «40%w/w loading. This implies that at 20% drug loading an amount of 

drug is entrapped by the fatty acid material and is therefore not available for release. 

In terms of Equation 2.19, the value of A is reduced, resulting in a lower estimate of k.
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Table 5.7 Values of k  obtained by fitting data to Equation 2.20 {Higuchi), for SAR 

compacts of 20% w/w benzoic acid loading, with both components of particle size 63- 

125|j,m, for 3hr, 5hr and 15hr dissolution runs, where 15hr (1) represents the fit of 0- 

5hr data and 15hr (2), data from 5hr to 15hr.

Parameters 3hr 5hr 15hr (1) 15hr (2)

k (g cm^ min^^) 2.6x10’'* 2.89x10''* 2.80x10-'* 1.37x10'^

SD 2.27E-^ 2.52E'^ 1.09E'^ 1.72E-'̂

SS 1.58E’’ 1.96E'’ 2.97E-’ 1.36E'*

r^ 0.99 0.991 0.986 0.997

MSC 4.64 4.56 3.90 5.66

Similar release profiles, demonstrating two rates of release were reported by Fessi et 

al {1978), for systems of diphenhydramine hydrochloride and polymer (Solvic). They 

described this change in profile as corresponding to a critical time where the solvent 

front had reached the centre of the matrix. Beyond this time the concentration of drug 

was lower than Cj and so the rate of release was slower and occurred by simple 

diffusion rather than a matrix controlled mechanism.

Stamm and Tritsch {1987) observed a similar change in the rate of release in matrices 

of metoclopramide, lactose, ethylcellulose 20 and magnesium stearate. They 

postulated that the change in the slope of the liberation curve, could be related, either, 

to the mechanism reported by Fessi et al {1987), as described above, or the internal 

matrix structure. Compaction pressure was not considered to exert uniform pressure 

over the entire matrix, which results in areas of high and low density. Under this 

assumption a central area of very high density is thought to exist, which would 

account for the decreased rate of release.

5.2.3.1 Surface Texture Analysis

Surface roughness was monitored following dissolution with increasing dissolution 

time yielding rougher surfaces {Figure 5.15). The amount of drug released was 1.4 

times greater after 5hr dissolution relative to 3hr, and was accompanied by a «2-fold 

increase in ARa. On extending the study from 5hr to 15hr the amount of drug released 

was 1.3 times higher, with ARa increasing by a factor of 1. 6 .
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An exponential relationship between ARa and dissolution time was apparent, the first 

order rate constant equal to 0.132 h r '\ A decrease in the rate o f release was seen 

between 5hr and 15hr (Figure 5.14), which may explain the exponential change in 

ARa with increasing dissolution time.
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Figure 5.15 ARa values for SAR compacts containing 20% w/w benzoic acid, with 

both components of particle size 63-125|j,m, after Ohr, 3hr, 5hr or 15hr dissolution.

5.2.4 Effect o f  Carrier Particle Size

In the course of the work a number of studies investigated drug release using different 

batches o f stearic acid, some of which had different particle sizes. Release from 

compacts of 20% benzoic acid and SAP is shown in Figure 5.16 where benzoic acid 

of 63-125|im particle size was employed, and the mean particle size of SAP is listed 

in the text. Significant differences in the amount released with time were evident 

especially when comparing systems of 300|j,m particle size to those o f smaller particle 

size. Release from these systems was quite variable in comparison to systems shown 

in Figure 5.2, in which the particle size o f drug and stearic acid was the same. 

Another difference is that systems illustrated in Figure 5.2 were produced from SAR, 

rather than SAP.

The data shown in Figure 5.16 deviates significantly from simple Higiichi release. 

A large initial burst phase is apparent, particularly in systems o f large SAP particle 

size (300|a,m), Data was plotted as rate of release versus time {Figure 5.17). It is 

evident that release rates fell to negligible values, following the initial drug burst.
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Figure 5.16 Release from compacts of 20% w/w benzoic acid loading (63-125^m) 

and SAP of mean particle size (16|j,m) (■), 63-125|j.m (♦) and 300(j.m (A) ,
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Figure 5.17 Rate of release versus time for compacts of 20% w/w benzoic acid 

loading (63-125nm) and SAP of mean particle size 16|im (■), 63-125[j,m (♦) and 

300[j,m (A) .

Figure 5.18 shows the rate of release from SAR compacts of 20% benzoic acid 

loading, where different particle size ranges were used, but with drug and excipient of 

equivalent size within each system. A rapid initial fall in the release rate is seen, but 

significant rates are present at time points beyond this. These values are relatively 

constant and little difference is seen between the particle sizes at later times.
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Figure 5.18 Rate of release versus time for SAR compacts o f 20% w/w benzoic acid 

loading with both components of particle size 0-63[j,m (♦),63-125|4^m (■) and 250- 

500|am(A).

The rates of release for 80% benzoic acid/SAR systems are shown {Figure 5.19). 

Again, drug and excipient particle size was matched. The profile exhibits the same 

general shape as for those previously shown, though the rates o f release are higher, 

and it is possible to distinguish between the different particle sizes at all time points.
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Figure 5.19 Rate o f release versus time for SAR compacts o f 80% w/w benzoic acid 

loading, with both components o f particle size 0-63|j.m (♦ ), 63-125nm (■) and 250- 

500jj,m (A) .
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5.3 EFFECT OF SOLUBLE FILLER

At daig loadings below the percolation threshold {pci) a significant amount of drug 

may be entrapped within the insoluble matrix, resulting in incomplete drug release. In 

SAR systems of 20% benzoic acid loading, only 50% of the drug load was released 

after 15hr. The incorporation of lactose, as a soluble filler, was investigated. The 

intention was to aher the effective porosity of low loadings, thereby increasing the 

rate of release and encouraging more complete release.

Systems were prepared with all components of particle size 63-125(j.m. Matrices 

were composed of 10% drug and a lactose content ranging from 5-50%. Release 

profiles indicate that as expected, the inclusion of increasing amounts of lactose 

brings about increased release {Figure 5.20). Systems of 50% lactose showed a 

change in release profile around 140min, where the rate of drug release increased 

significantly. This may relate to matrix erosion which was evident following 

dissolution {Figure 5.21). Photos shown below demonstrate an obvious change in 

disc diameter after dissolution for systems of 50% lactose, relative to discs containing 

5% or 30% lactose.
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Figure 5.20 Release data for SAR compacts of 10% w/w benzoic acid loading and a 

lactose content of 0% (♦), 5% (■), 10% (A ) ,  20% (•), 30% (*), 40% (x )  and 50% 

w/w (+), fitted to Equation 2.20 {Higuchi).
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Figure 5.21 Photographs of SAR compacts containing 10% w/w benzoic acid and a 

lactose content of 5%, 30% and 50% w/w, after 3hr dissolution in phosphate buffer 

pH 7.4 (left to right).

Release data was fitted to Equation 2.20 (Higuchi) and Equation 2.23 {Cobby), the 

former showing improved fits {Table 5.8) as indicated by high MSC values. Estimates 

of k, the release rate constant, and statistics relating to the fit are listed in Table 5.8. 

For systems of 50% lactose, k was based on release data up to 120min.

Table 5.8 Estimates of k (g/cmVmin'^ )̂ and statistics obtained for release data fi'om 

SAR compacts of 10% w/w benzoic acid loading and a lactose content of 0-50% w/w, 

fitted to Equation 2.20 {Higiwhi).

Parameters 0% 5% 10% 20% 30% 40% 50%

k 1.3x10'^ 1.7x10'^ 1.6x10'^ 1.7x10'^ 2.1x10'^ 3.6x10'^ 4.7x10'^

SD 1.05E'^ 1.02E'*̂ 1.59E‘̂ 1.72E'^ 1.39E'^ 2.77E'^ 8.98E'^

SS 9.12E'* 3.23E'* 7.74E'* 9.12E'^ 5.99E'^ 2.35E''^ 7.55E'^

0.991 0.996 0.990 0.988 0.995 0.994 0.976

MSC 4.62 5.31 4.38 4.17 5.19 4.88 3.65

It was evident that lactose increased release in all systems even at 5% loading. The 

value of k was very similar at lactose contents of 5-20%. Beyond this loading, 

however, the release rate became increasingly large. In numerical terms a lactose 

content of between 5-20%, increased the release rate by a factor of «1.3 relative to 

lactose-free compacts. At lactose loadings of 30%, 40% and 50%, k was
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approximately 1.6, 2.8 and 3.6 times greater, respectively, than for lactose-free 

systems.
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Figure 5,22 The Higuchi release rate constant, k, plotted against % soluble fraction 

for SAR compacts of 10% w/w benzoic acid loading and lactose content of 0-50% 

w/w (♦) and lactose-free systems of 5-80% w/w benzoic acid loading (■).

The slope of the linear relationship between k and soluble fraction (%w/w) was 

approximately 3 times steeper with increasing drug loading than with increasing 

lactose content. This can be explained in terms of connective pathway formation. 

Lactose has a higher solubility than benzoic acid and will dissolve ahead of drug 

dissolution. While dissolution of lactose encourages pore formation and enables 

faster penetration of medium, it is still possible that drug remains trapped. The 

critical porosity for benzoic acid/SAR systems was close to a drug loading of 

40%w/w. Therefore at drug loadings greater than 40%w/w complete drug release was 

possible. The effect of overcoming the percolation threshold is demonstrated in 

Figure 5.22 where at low drug loading the difference in k between drug and 

drug/lactose systems is minimal but sharply increases from 40% drug loading 

upwards.

The value of F, the ratio of s  to r, was estimated for these systems, substituting known 

parameter values into Equation 2.29 (Higuchi F) (Table 5.9).
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Table 5.9 Estimates of F  for SAR compacts of 10% w/w benzoic acid loading and a 

lactose content of 0-50% w/w.

0% 5% 10% 20% 30% 40% 50%

F 0.009 0.016 0.014 0.014 0.021 0.058 0.107

The trend in F  values was similar to the trend for k  values whereby values for systems 

of 5-20% lactose content were similar and steadily increased for higher lactose 

loadings. Lactose was therefore affecting pore formation such that greater drug 

release was facilitated. Parab et al {1986) similarly observed a linear relationship 

between the fraction of mannitol contained, which is a soluble filler, and diffusion rate 

constant.

5.4 CONCLUSIONS

Particle size had a significant effect on drug release. Release from compacts with 

both drug and carrier of small particle size, was significantly lower than from large 

particle size systems. The differences in amount of drug released, with varying 

particle size, were enhanced at high drug loading. Over an extended range of drug 

loading the amount released was consistently approximately 1.3 times higher for 

systems of large particle size, relative to small particle size compacts.

The release rate constant for large systems was 1.6-fold greater than estimates of k for 

small particle sized systems. Data was in good agreement with Higuchi y/t kinetics. It 

was therefore suggested, that it was the £/r ratio {F) which affected the rate of release, 

since all other parameters were constant. Estimates of the formation factor, F, for 

systems of small and large particle size increased with loading and were higher for 

systems of large particle size. This suggests that a more porous matrix was formed 

from components of a larger particle size.

There was a trend of increasing surface roughness, after dissolution, with increasing 

drug loading from 20%-80%. All values were higher for large particle size systems 

relative to small particle size systems of equivalent drug loading. There was an 

approximate two-fold increase in ARa for the larger particle sized systems relative to
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small particle sized systems. With compacts containing 20-80% drug, an approximate 

linear relationship was defined between ARa and r, linking increased release to 

increased surface roughness. Surface roughness was also observed to increase 

exponentially with increasing dissolution time.

Incomplete drug release results from systems of drug loading below the critical 

porosity. Using lactose as a soluble filler, it was possible to effect greater release 

from these systems, whereby greater amounts were released with increasing lactose 

content. Values of F  were increased, but not to the same extent as for increased drug 

loading. A linear relationship was demonstrated between F  and the percentage soluble 

fraction of the matrix.

Particle size and drug loading affect the ratio of porosity to tortuosity, thereby 

affecting drug release. While the Fligiichi equation was shown to describe release 

fi'om these systems, it does not account for the influence of particle size on the rate of 

drug release. The implications of this, are that a knowledge of F, the ratio of s / t  will 

be required for more accurate prediction to be obtained.
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6.1 INTRODUCTION

The choice o f stearic acid, among fatty acids, as a matrix forming material was based 

on its physicochemical properties. With a low aqueous solubility and a melting point 

in excess of physiological temperature (37°C) stearic acid was suitably inert for 

matrix formation. However, in Chapter 4, the effect o f different grades of stearic 

acid, on drug release was demonstrated, the amount released in phosphate buffer pH 

7.4, from stearic acid reagent grade (SAR) compacts, being almost 5 times greater 

than the amount released from pure grade stearic acid (SAP) compacts. Using 

palmitic acid (PA) and stearic-palmitic acid (SPA) the amount released was also 

reduced relative to release from SAR compacts. Characterisation techniques such as 

DSC, XRD, FTIR and profilometry, were employed in this chapter to elucidate 

possible reasons for the differences seen.

6.2 CHARACTERISATION OF STEARIC ACID AND PALMITIC ACID

6.2.1 Gas Liquid Chromatography

The composition o f reagent grade sample (SAR) was analysed by gas liquid 

chromatography. Peaks were identified relative to a standard consisting of 20 known 

fatty acids. Constituents were classed in terms of carbon chain length, that is, Ch 

being myristic acid, Ci6 palmitic acid and so on. Additional numbers listed refer to 

the number of double bonds with the second number representing the position of the 

double bond relative to the methyl end group. It follows therefore that Cig;33 is an 

unsaturated derivative of Cig, having 3 doubles bond, with the first bond involving the 

third carbon atom in the chain where the methyl end group is carbon no. 1.

The SAP and PA as received were at least 99% pure and were not analysed further by 

gas liquid chromatography. The composition o f SAR is listed in Table 6.1.
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Table 6.1 Gas liquid chromatographic analysis of stearic acid reagent grade (SAR).

Common name Fatty acid Composition

(%)

Melting point

(“C)*

Molecular

Weight**

Capric C10:0 0.0983 31.6 172.27

Lauric C12:0 0.3855 44.2 200.32

Myristic C14:0 4.2432 54.4 228.36

Palmitic C16:0 66.3532 62.9 256.42

Palmitoleic C16:l 0.5657 254.4

Stearic C18:0 27.4381 69.6 282.48

Linoleic C18:2n-6 0.2811 280,5

Gamma linolenic C18:3 n-6 0.4151 278.5

Alpha linolenic C18:3 n-3 0.0865 278.5

Gadoleic C20:l 0.0657 310.54

C20:2 0.0657 308.54

“From Small, 1988. 

‘’From fVeast, 1988.

SAR was comprised of only 27% w/w stearic acid, with over twice this value of 

palmitic acid (66%). The corresponding unsaturated derivatives of stearic acid and 

palmitic acid were present in much lower quantities. Other minor components were 

Ci4 , myristic acid and C12, lauric acid.

6.2.2 Differential Scanning Calorimetry

The DSC scans of reagent grade (SAR) and pure grade (SAP) are shown in Figure 6.1 

and revealed differences in onset of melting of wl2°C between the grades of stearic 

acid. Stearic acid is defined in the British Pharmacoepia (B.P.) as containing no less 

than 40%w/w stearic acid and no less than 90%w/w combined weight of palmitic acid 

and stearic acid. Stearic acid B.P. congeals below 54°C, while pure grade stearic 

acid, containing no less than 99%w/w stearic acid, is reported to melt at 69°C 

(Martindale, 1993). SAR by definition is different to stearic acid B.P. as it contains 

only 27% stearic acid, however the onset of melting for SAR was close in value to 

that reported for stearic acid B.P. The onset of melting of palmitic acid (PA) was 

62.4°C, which is in agreement with literature (Small, 1988), while stearic-palmitic 

acid (SPA) melted at 55.13°C, which was similar to the onset of mehing for SAR.
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The relative proportion o f stearic acid and palmitic acid in SPA were not specified by 

the manufacturer.

SAP

O nset
Peak

67.33 C 
69.96 C

PA

O nset
Peak

62.40 C 
66.13 C

SAR

O nset
Peak

64.98 C 
67.00 C

SPA

66.13 C 
67.62 C

Figure 6.1 DSC traces for reagent grade stearic acid (SAR) and pure grade stearic 

acid (SAP), palmitic acid (PA) and stearic-palmitic acid (SPA).

As discussed in Section 1.1.3.1, binary mixtures of palmitic acid and stearic acid form 

a eutectic mix, which has a lower melting point than either of the pure components. 

In addition, the presence o f unsaturated derivatives of palmitic acid (Cie), stearic acid 

(Cig) and arachidic acid (C20), in SAR, which melt at a lower temperature than the 

equivalent saturated fatty acid, as well as C n and Cm saturated fatty acids, will also 

lower the onset of melting. Onset o f melting for SAR was in agreement with the 

work o f Francis et al {1930), who reported an onset o f melting of 55°C for a sample 

o f «25mol% stearic acid and 75mol% palmitic acid.

With a knowledge o f the composition of SAR, from Table 6.1, a physical mix o f 

PA: SAP of the ratio 66:27 was prepared. DSC analysis showed an onset of melting of 

60.3°C for the mix on the first heating run {Figure 6.2). The sample was allowed to 

cool and was then reheated. This time the onset of melting occurred at the lower 

temperature o f 53.99±0.6°C, which was closer to that of SAR. The resuhs presented
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suggest that SAR was chiefly a molten mix or equivalent intimate molecular mixture 

of 66% PA and 27% SAP, with onset of melting correlating well with phase diagrams 

depicted in literature (see Figure 1.1).

PAiSAP 66:27 RUN 1 

SAR

O nset
Peak

PAiSAP 66:27 RUN 2

64.99 C 
67.00 C

O nset
Peak

63.96 C 
66.12 C

eO
A - i -

Figure 6.2 DSC scans for SAR and a physical mix of 66:27 SAR: palmitic acid after 

one and two heating and cooling cycles.

6.2.3 X-Ray Diffraction

SAR, SAP, PA and SPA were crystalline, as reflected by sharp peaks in XRD patterns 

{Figure 6.3). X-ray traces for SAP and PA were similar, as were SAR and SPA. In 

terms of d  spacings the peaks in SAP and PA corresponds to different orders of the 

first order reflection for polymorphic form C, in accordance with Braggs law 

{Whiston, 1987). This is discussed previously in more detail {Section 4.5.2.2).

The major peak at 22 20 degrees which was of a greater intensity in SAR and SPA 

than in the pure fatty acid samples, SAP or PA, was considered to be a influenced by 

the random orientation of the particles. The waxy, platy crystals of pure fatty acids, 

palmitic acid and stearic acid were more likely to lie flat, therefore reducing reflection 

in the c axis. SPA and SAR, were composed of spherical particles and adapted a 

random orientation such that the most intense reflection occurred at «22 20 degrees. 

X-ray traces for SAR and SPA are not the same as for the pure fatty acid samples. 

The first order d  spacing is not repeated at regular intervals through the scan.
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indicative of a mixed layer system and consistent with the composition o f these 

samples.

LA
I/Ic
01
c

5 1510 20 25 30 35
2 e (degrees)

Figure 6.3 X-ray diffractograms for (a) reagent grade stearic acid (SAR), (b) pure 

grade stearic acid (SAP), (c) palmitic acid (PA) and (d) stearic-palmitic acid (SPA).

The XRD patterns for SAR were compared with a mixture of palmitic acid and SAP 

of the ratio 66:27, both as a physical mix and as a molten mix {Figure 6.4). The 

physical mix yielded an XRD pattern characteristic o f a mix o f the individual 

components. In contrast, the X-ray diffractogram for the molten mix closely 

resembled the pattern yielded by SAR, This supports the DSC analysis which also 

suggested that SAR was a molten mix or intimate molecular mix of palmitic acid and 

stearic acid.
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Figure 6.4 X-ray diffractograms of SAR (a), palmitic acid and SAP in the proportion 

66:27 as a solidified molten mix (b) and a physical mix (c).

6.3 CHARACTERISATION OF DRUG-FREE AND DRUG LOADED 

COMPACTS AFTER CONTACT WITH DISSOLUTION MEDIUM

6.3.1 Drug free compacts

Following dissolution in phosphate buffer pH 7.4, visible changes in surface 

appearance were apparent for benzoic acid/SAR compacts, which were not observed 

for benzoic acid/SAP compacts. Much higher ARa values were observed for SAR 

systems, relative to SAP compacts, unlike IRa values which were similar {Table 5.12). 

Obviously, in drug loaded systems the effect of drug being released was also a 

contributing factor to surface roughness. In an attempt to elucidate the mechanism 

that was responsible for these changes, drug-free systems were compared following 

dissolution under the same conditions. Compacts were removed after 3hr, 5hr and 

15hr dissolution, and dried in air.

6.3.1.1 Differential Scanning Calorimetry

The DSC scan for compacts of SAP, after 15hr dissolution, was very similar to that of 

the starting material, the onset of mehing only «0.23°C higher. Two minor shoulders 

were present on the main peak, which may suggest small changes in stearic acid 

behaviour {Figure 6.5).
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Figure 6.5 DSC scans for drug-free compacts of stearic acid pure grade (SAP) before 

(Ohr) and after 15hr dissolution in phosphate buffer pH 7.4 medium.

In contrast, DSC analysis of SAR compacts after dissolution suggested that SAR had 

changed. Single endotherms were not observed, instead there was a shoulder on the 

main peak, which became more pronounced for systems which had been exposed to 

the buffer medium for longer periods of time (Figure 6.6). The onset of melting for 

the first peak in systems after 3hr, 5hr and 15hr was 59.89°C, 58.9°C and 58.28°C 

respectively, the value in all cases a few degrees higher than for the starting material 

(Ohr). The second peak which, at early time points appeared as a shoulder on the 

main peak, occurred at approximately 67.89°C, 68.73°C and 70.57°C for compacts 

after 3hr, 5hr and 15hr dissolution, respectively. After 1 week dissolution the matrix 

had disintegrated and instead the sediment was analysed. It melted as a single 

endotherm peaking at the higher temperature of «72.35°C. These results suggest that 

buffer is effecting changes in SAR. A time dependent conversion to a higher melting 

point composition was evident {Figure 6.7). There is an apparent reduction in the rate 

of conversion to the higher mehing point composition with increasing time spent in 

the buffer medium.
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Figure 6.6 DSC traces for drug-free compacts o f SAR after Ohr, 3hr, 5hr and 15hr 

dissolution in phosphate buffer pH 7.4 and the sediment remaining after dissolution 

for one week.
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Figure 6.7 Peak temperature o f melting endotherm in SAR matrices following 

dissolution in phosphate buffer pH 7.4.

The surface of SAR systems after a 15hr dissolution period, was carefully removed 

using a scalpel and analysed by DSC to determine its melting profile. A sample of the 

matrix interior was also carefully obtained and was heated separately. On cutting
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\
I

' these discs the surface was white and powdery whereas the inner matrix was off-white

and waxy. This further suggested that stearic acid on the surface had been altered.

As suspected, the onset o f melting differed for samples o f the matrix interior and 

exterior o f SAR compacts {Figure 6.8). The inner disc mehed at «55°C, which is 

close to the onset of melting for SAR, suggesting that this section o f the matrix 

remained unchanged. In contrast, the surface sample began to melt at the higher 

temperature of w68°C.

OHR

O nset
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66.07 C 
68.62 C

16HR INTERIOR
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66.02 C 
68.96 C

16HR SURFACE
O nset
Peak

Figure 6.8 DSC scans for SAR compacts before dissolution and the surface and 

interior of systems after 15hr dissolution in phosphate buffer pH 7.4.

6.3.1.2 X-ray Diffraction

X-ray diffractograms indicated that the crystal pattern of the surface of SAR compacts 

was altered relative to systems prior to dissolution {Figure 6.9). Peaks seen at »22 20 

and 24 20 degrees were characteristic of SAR. In addition, a flirther peak was present 

at »23 20 degrees. The intensity o f this peak became slightly greater with increasing 

dissolution time, while the peaks at 22 20 and 24 20 degrees seemed to diminish. 

After 1 week dissolution the peak at 24 20 degrees had almost disappeared. The X-
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ray pattern of sodium stearate is discussed later in the chapter and has a major peak at 

23 20 degrees {Figure 6.20).

5 10 15 20 25 30 35
20 (degrees)

Figure 6.9 X-ray diffractograms for matrices of SAR (a) before dissolution and after 

(b) 3hr, (c) 5hr (d) 15hr and (e) 1 week dissolution in phosphate buffer pH 7.4.

In support of the DSC analysis of SAP systems. X-ray patterns remained unchanged 

following dissolution {Figure 6. JO).
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Figure 6.10 X-ray diffractograms for SAP compacts (a) before dissolution and after 

(b) 3hr, (c) 5hr and (d) 15hr dissolution in phosphate buffer pH 7.4.

6.3.1.3 Surface Texture Analysis

Matrix dimensions and surface roughness values were measured before and after 

dissolution in phosphate buffer pH 7.4 {Table 6.2). The dimensions o f SAP compacts
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did not change with dissolution, unlike SAR compacts, which showed both diameter 

and height increases. A systematic increase in height, with increasing dissolution 

time was seen for SAR systems, the ratio o f change being significantly higher than the 

diameter increases. This suggests that the alteration in stearic acid was occurring 

largely on the matrix surface.

Surface roughness values after dissolution (ARa) for SAP compacts were low relative 

to SAR compacts and did not show a trend with increasing dissolution time. In 

contrast, much higher ARa values were determined for SAR compacts, with values 

increasing with increased exposure to the medium. As these systems are drug-free the 

higher surface roughness can be assumed to directly correlate with an increased extent 

o f change in the morphology o f stearic acid.

Table 6.2 Changes in diameter and height, and ARa values for systems of SAR and 

SAP after 3hr, 5hr and 15hr dissolution in phosphate buffer pH 7.4.

Systems Diameter (cm) Height (cm) ARa (fjm)

Before After Ratio Before After Ratio

SAR 3hr 1.3 1.31 1.01 0.155 0.185 1.19 6.1

SAR 5hr 1.3 1.31 1.01 0.155 0.195 1.26 11.4

SAR I5hr 1.3 1.325 1.02 0.155 0.205 1.32 23.7

SAP 3hr 1.3 1.3 1.00 0.155 0.155 1.00 1.62

SAP 5hr 1.3 1.3 1.00 0.155 0.155 1.00 3.63

SAP I5hr 1.3 1.3 1.00 0.155 0.155 1.00 3

To elucidate if the changes observed were as a resuh of hydration o f the fatty acid, 

SAR matrices were placed in water for 5hr. The dimensions of these compacts 

remained unchanged, as did DSC scans and X-ray traces, relative to the raw material, 

indicating that water did not affect the behaviour of stearic acid. ARa was 3.8iJ,m, 

which was much lower than 11.4(j,m as determined for systems after 5hr in buffer, and 

close to values obtained for SAP systems in buffer. Evidence therefore suggests that 

buffer was effecting changes in SAR integrity. The composition o f phosphate buffer 

pH 7.4 as listed in Section 4.6.3, is composed entirely of sodium salts. The most 

likely event would therefore be the formation o f sodium stearate or palmitate.
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6.3.2 Benzoic acid and Sodium Benzoate compacts

The effect of buffer pH was investigated by comparison of SAR compacts of 20% 

w/w benzoic acid loading following dissolution in buffer (pH 7.4) and O.IN HCl (pH 

1).

6.3.2.1 Differential Scanning Calorimetry

The peak melting temperature for systems at pH 1 (b) was «54°C suggesting that SAR 

remained unchanged, while at pH 7.4 (c) the value had risen by approximately 6°C 

and a second peak of less intensity was evident {Figure 6.11). Benzoic acid and 

stearic acid form a eutectic mix at a benzoic acid concentration of 30%w/w 

{O ’Connor, 1994). A drug endotherm was therefore not expected as initial drug 

loading was below this value.

BEFORE

pH 1

pH 7.4

Figure 6.11 DSC scans for SAR compacts of 20% w/w benzoic acid loading, before 

dissolution (before), and after dissolution in O.IN HCl (pH 1) or phosphate buffer (pH 

7.4).

Cistola et al {1982) reported a pKa value of 4.8 for fatty acids, but later determined 

values between 6.8 and 8.5 which were proposed on the basis that medium and long 

chain fatty acid formed lamellar structures where protons were sequestered at the
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bilayer surface (Cistola et al, 1988). X-ray diffraction, NMR spectroscopy and 

polarized light microscopy techniques were used to identify these phases. Regardless 

of which pKa value is assumed, at pH 7.4 the extent of ionisation of the fatty acid is 

greater than at pH 1, which renders the fatty acid more susceptible to chemical 

change. This was considered to be a contributing factor to the changes witnessed.

The effect of buffer pH on corresponding sodium benzoate/SAR systems was also 

investigated. Visible surface changes were evident for sodium benzoate systems after 

dissolution. The DSC scan for a system before dissolution, showed similar 

endotherms to those for compacts after dissolution in either acidic or neutral medium 

{Figure 6.12) with onset of melting at »54°C and 65.5°C. Surface and interior 

samples of sodium benzoate systems after dissolution at pH 7.4 were analysed by 

DSC, both showing a major peak at »73°C. Sodium benzoate did not melt over the 

temperature range employed, which suggests that in the presence of molten stearic 

acid it behaves differently, such that two endotherms result.

This suggests that in the presence of sodium ions, the melting profile of SAR was 

affected resuhing in a double endotherm. With regard to earlier work Section 6.3.1, it 

is possible that the changes in DSC scans may have been the resuh of buffer salts 

deposited on the surface following dissolution. If, however this had been the case 

then equivalent DSC scans would have been expected for SAP compacts. As this was 

not seen, it would appear that sodium ions were affecting the integrity of SAR rather 

than simply being present on the matrix surface.
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INTERIOR pH 7.4

DISC pH 1

Figure 6,12 DSC scans for SAR compacts o f 20% w/w sodium benzoate loading, 

before dissolution (before) and after dissolution in phosphate buffer (pH 7.4), disc 

interior and disc surface, and in 0. IN HCl (pH 1).

6.3.2.2 X-ray Diffraction

XRD patterns were consistent with results discussed so far, which suggest that the 

morphology o f stearic acid was altered during dissolution, where sodium ions were 

present in the compact or within the dissolution medium {Figure 6.13). With 

compacts o f benzoic acid/SAR, the disappearance o f peaks around 8, 16 and 25-30 20 

degrees, was consistent with drug release o f benzoic acid, the X-ray diffractogram of 

which is shown in Figure 7.7. More notably, as previously seen in drug-free SAR 

compacts {Figure 6.9) a new peak was evident at 23 20 degrees (c) for systems 

following dissolution in phosphate buffer pH 7.4, which appeared to grow at the 

expense of the characteristic SAR peaks at «22 and 24 20 degrees. These changes 

were not seen in systems that had been placed in acid (b).
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Figure 6,13 X-ray traces for SAR compacts of 20% w/w benzoic acid loading (a) 

before dissolution, and after dissolution in (b) O.IN HCl (pH 1) and (c) phosphate 

buffer (pH 7.4),

Sodium benzoate systems placed either in acid (b) or in buffer (c) similarly showed 

the evolution o f a new peak at «23 20 degrees {Figure 6.14). The common factor 

evidently being the presence of sodium ions. More pronounced changes in X-ray 

patterns were seen for systems at pH 7.4, presumably a result o f increased SAR 

ionisation at a higher pH.
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Figure 6.14 X-ray traces for SAR compacts of 20% w/w sodium benzoate loading 

(a) before dissolution and after dissolution in (b) O.IN HCl (pH 1) and (c) phosphate 

buffer pH 7.4.

136



Chapter 6 ~ Characterisation o f  Stearic acid and Associated Systems

6.3.2.3 Surface Texture A nalysis

Matrix dimensions and values were compared {Table 6.3). The smallest changes 

in matrix dimensions and the lowest ARa o f the systems listed, corresponded to 

matrices containing benzoic acid with release studies performed in O.IN HCl (pH 1). 

These systems also produced the lowest drug release. In benzoic acid systems at pH 

7.4, the diameter decreased and height increased by a factor of 0.99 and 1.2, 

respectively. The higher value of ARa following drug release in buffer was considered 

to be a combination of a higher amount o f drug release, and an increased extent of 

change o f SAR. ARa for benzoic acid systems was 13.4±0.4|im relative to a compact 

o f SAR alone which was 11 4|a.m after 5hr dissolution in phosphate buffer, suggesting 

that drug release increased the ARa value.Relative to systems o f the acid form of the 

drug, greater dimensional changes were demonstrated in systems o f sodium benzoate 

following dissolution in pH 7.4 medium. With sodium benzoate systems the change 

in diameter was equivalent at each pH level, while the height increases were 

substantially higher in buffer solution. The ARa for sodium benzoate systems at pH 

7.4 is not directly comparable as it was obtained after 3hr dissolution, as opposed to 

5hr.

Table 6.3 Changes in matrix dimensions and ARa values for SAR systems o f 20% 

benzoic acid (BA) and sodium benzoate (SB), following 5hr dissolution in 0. IN HCl, 

pH 1 or phosphate buffer pH 7.4.

Systems Diameter (cm) Height (cm) ARa(jJm)

Before After Ratio Before After Ratio

BA pH  I 1.3 1.30 1.00 0.14 0.140 1.00 3.93

SB pH  1 1.3 1.33 1.02 0.14 0.142 1.01 7.28

BA pH  7.4 1.3 1.29 0.99 0.14 0.170 1.21 13.4

SB pH  7.4^ 1.3 1.33 1.02 0.14 0.170 1.21 5.08

Values relate to 3hr dissolution.
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The effect of sodium ions (Na") on drug release from these systems is complex. 

Based on the chemistry of fatty acids it is possible that sodium salts are formed in the 

presence of sodium ions. Whether the greater drug release from sodium benzoate 

systems, was related to the increased solubility of the salt form relative to benzoic 

acid, or was somehow linked to the formation of a more soluble matrix, is difficult to 

determine. As discussed in Section 4.4.1 the initial release at pH 7.4 from sodium 

benzoate systems was higher than from benzoic acid, while the subsequent release 

rates were similar. The pKa values of benzoic acid and stearic acid are 4.03 

{Ramtoola, 1988) and 4.8 {Cistola et al, 1988) respectively. This implies that at pH 

7.4 both components are predominantly ionised and ion exchange can occur. It is 

therefore possible that initially sodium benzoate was released from SAR matrices, but 

at a later stage it was converted to the pure drug form and was released through a 

sodium/SAR derivative which had formed on the matrix surface.

Similar surface changes were evident in sodium benzoate systems following 

dissolution in O.IN HCl (pH 1), suggesting that the Na  ̂ ions created a basic 

microenvironment, thereby promoting stearic acid ionisation.

The changes in stearic acid morphology of SAR compacts containing 20% w/w 

benzoic acid compacts, in phosphate buffer were time dependent {Figure 6.15).
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Figure 6.15 X-ray diffractograms for SAR compacts of 20% w/w benzoic acid 

loading (a) before dissolution and after (b) 3hr (c) 5hr and (d) 15hr dissolution in 

phosphate buffer pH 7.4.
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As with drug-free compacts {Figure 6.9) an additional peak was seen at 23 20 degrees 

that was not characteristic of SAR before dissolution. However the X-ray pattern for 

systems after 15hr was very different to that obtained for drug-free compacts, even 

after 1 week dissolution. It is possible that a more porous compact results following 

drug release which increases the extent of change of stearic acid.

6.3.3 Procaine and Procaine Hydrochloride compacts

SAR compacts containing 20% w/w procaine base or procaine hydrochloride were 

analysed after dissolution in phosphate buffer pH 7.4. Evidence of altered 

morphology was especially apparent for systems containing the hydrochloride sah 

form {Figure 6.16).

Figure 6.16 SAR compacts containing 20% w/w procaine hydrochloride (left) and 

20% w/w procaine base (right), following dissolution in phosphate buffer pH 7.4.
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6.3.3.1 Differential Scanning Calorimetry

The DSC scans of SAR compacts containing 20% w/w procaine base or 20% w/w 

procaine hydrochloride before dissolution (PB before & PHCl before) each showed 

two endotherms, consistent with the melting point of the individual components 

{Figure 6.17). A surface sample from procaine base systems after dissolution showed 

a major peak at 66.5°C and a minor peak at 102.46°C. Similar values were 

determined for a surface sample from procaine hydrochloride systems, after 

dissolution, which showed endotherms at 67.1°C and 97.9°C. The onset of melting 

for the interior of procaine hydrochloride systems, was equivalent to that of SAR.

PB BEFORE

PB INTERIOR

PB SURFACE

PHCL BEFORE

PHCL INTERIOR

PH CLSU RFA CE

Figure 6.17 DSC scans for SAR compacts of 20% w/w procaine base loading, before 

dissolution (PB before) and the surface after dissolution in phosphate buffer pH 7.4, 

and SAR compacts of 20% w/w procaine hydrochloride loading before dissolution 

(PHCl before) and the surface and interior after dissolution in phosphate buffer pH 

7.4.

6.3.3.2 X-ray Diffraction

X-ray diffractograms showed patterns after dissolution which differed from initial 

traces as peaks characteristic of the drug had disappeared, that is, peaks between »16- 

18 20 and 27-30 20 degrees. Moreover they showed a new peak around 23 20
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degrees, which appears to be characteristic of a form of SAR that results from 

exposure to phosphate buffer pH 7.4, or in the presence of sodium ions.
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Figure 6.18 X-ray traces for SAR compacts o f 20% w/w procaine base loading, (a) 

before and (c) after dissolution, and of 20% w/w procaine hydrochloride (b) before 

and (d) after dissolution in phosphate buffer pH 7.4.

6.3.3.3 Surface Texture Analysis

In systems of procaine base the diameter o f compacts remained unchanged, while the 

height increased by a factor of 1.07 {Table 6.4). With procaine hydrochloride 

systems, greater dimensional changes were determined, the diameter and height 

increasing by a factor o f 1.02 and 1.4, respectively. Benzoic acid and procaine base 

were released in similar amounts, after 3hr dissolution, as were their respective salt 

forms which showed greater release. Surface roughness o f procaine base systems was 

comparable to values for benzoic acid systems, while ARa for procaine hydrochloride 

systems was much higher than for any 20% drug loaded systems previously 

discussed. This suggests that the changes in SAR were more pronounced when 

procaine hydrochloride was present. A possible explanation for this is that the basic 

microenvironment caused by the presence of drug, promoted ionisation of the stearic 

acid thereby effecting a greater extent o f change.
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Table 6.4 Changes in matrix dimensions and ARa values for SAR systems o f 20% 

procaine base (PB) and procaine hydrochloride (PHCl).

Systems Diameter (cm) Height (cm) ARa (im )

Before After Ratio Before After Ratio

PB 1.3 1.3 1 0.15 0.16 1.07 12.77

PHCl 1.3 1.33 1.02 0.15 0.21 1.4 30.03

6.3.4 Compacts o f Benzoic Acid and various Fatty Acids

Drug-free compacts of two grades of stearic acid were compared in Section 6.3.1, 

SAR showing a change in morphology while SAP systems appeared unchanged 

following dissolution in phosphate buffer {Section 7.3.1). Similar findings were 

observed in 20% benzoic acid systems of SAP, PA (palmitic acid), SPA (stearic- 

palmitic acid) and SAR. XRD patterns revealed changes in compacts of SAR and 

SPA, where an additional peak was present at 23 20 degrees. This appears to be a 

common feature of post dissolution X-ray patterns of systems containing SAR. 

Meanwhile, X-ray traces for the pure acid systems were unchanged after dissolution.

Matrix dimensions following dissolution were measured {Table 6.5). After 

dissolution the height of SPA and SAR systems had increased by a factor of 1.11 and 

1.21, respectively. In addition the diameter o f SAR compacts had decreased. As the 

dissolution studies were performed on SPA compacts for 3hr and SAR compacts for 

5hr, it was not possible to directly compare these findings. However, it must be noted 

that for the pure grade fatty acids, SAP and PA, no dimension changes were measured 

over a 5hr period. These systems also yielded the smoothest surfaces after 

dissolution. The amount o f drug released increased in the order, 

SAP<PA<SPA<SAR, which also corresponds to increasing values {Figure 4.19). 

A relationship was also demonstrated between the release rate constant and onset of 

melting for fatty acids {Figure 4.20).
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Table 6.5 Changes in matrix dimensions and ARa values for 20% w/w benzoic acid 

loaded compacts o f stearic acid pure grade (SAP), palmitic acid (PA), stearic-palmitic 

acid (SPA) and stearic acid reagent grade (SAR).

Systems Diameter (cm) Height (cm) ARa (/nm)

Before After Ratio Before After Ratio

SAP 1.3 1.3 1 0.14 0.14 1 1.62

PA 1.3 1.3 1 0.14 0,14 1 3

s p a ‘ 1.3 1.3 1 0.14 0.155 1.11 4.46

SAR 1.3 1.29 0.99 0.14 0.17 1.21 13.4

Values relate to 3hr dissolution.

Kaewvichit (1994) observed that the rate of release o f bovine serum albumin from 

saturated fatty acids was slower when acids of longer hydrocarbon chain length were 

employed. Similarly, (Section 4.6.1) benzoic acid was released at a higher rate from 

palmitic acid systems relative to SAP compacts. It therefore follows that greater 

release, relative to pure fatty acids, should result from SPA systems, the carrier 

material being a binary mix o f stearic acid and palmitic acid. SAR which had a lower 

SAP content than SPA, as well containing lower chain length acids and unsaturated 

fatty acids, released the greatest amount of drug o f the fatty acids tested.

Lower chain compounds within the SAR mix, can react more readily with Na^ ions to 

form soaps. Selective loss of these more soluble soaps will result in a rougher matrix 

surface. If longer chain fatty acids also form soaps, they may hydrate resulting in 

matrix swelling. This increase in matrix volume yields a less dense/more porous 

matrix, which can facilitate greater medium uptake. Soap formation on the matrix 

surface may allow drug to diffuse directly through it, rather than being restricted to 

diffusing through an interconnected pore structure.

6.3.5 Sodium Stearate

Drug release from 20% benzoic acid systems where the carrier was composed in part 

or entirely o f sodium stearate is described in Section 4.6.2. Release increased, with 

the different carrier materials in the order SAR< sodium stearate< a 50:50 physical 

mix o f sodium stearate and SAR. Compacts were analysed by DSC following 

dissolution in phosphate buffer pH 7.4 (Figure 6.19). The control sample (a, before
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dissolution) showed two endotherms, with onset of melting at »53.9°C and 66.17°C, 

Similar endotherms were observed in a surface sample where the carrier material was 

a 50:50 physical mix of sodium stearate and SAR (b). When a sample of the entire 

matrix was analysed, a broad endotherm was seen which peaked at «72.9°C (c). In 

systems of sodium stearate (d) melting occurred at the higher temperature of 80.63°C. 

The DSC scan for SAR compacts of 20% benzoic acid loading as shown in Figure 

6.11 had two peaks, though largely overlapping, occurring at »55.6°C and 60.5°C. 

The onset of melting seen for traces (a) and (b) correlate well with scans shown in 

Figure 6.8 for drug-free SAR compacts after 15hr dissolution in phosphate buffer pH 

7.4. The combination of SAR and sodium stearate yields a DSC trace where the first 

endotherm is characteristic of SAR, but the second peak does not resemble the DSC 

scan for sodium stearate. It is therefore presumed that either the meUing profile of 

sodium stearate is altered in the presence of SAR, or that a physicochemical change 

occurs such that sodium stearate melts as a single endotherm around 67°C.

Figure 6.19 DSC scans for 20% w/w benzoic acid loaded systems with carrier type 

sodium stearate: SAR 50:50 physical mix, (a) before dissolution, and after dissolution 

in phosphate buffer pH 7.4 (b) surface sample, (c) disc sample, and (d) 20% benzoic 

acid/sodium stearate systems after dissolution.
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The XRD pattern for a 50:50 physical mix of SAR: sodium stearate (a), and that of 

sodium stearate alone (c), appear to differ only in that sodium stearate has a broad 

peak at 23 20 degrees, while the SAR: sodium stearate mix has two sharp peaks 

around 22 and 24 20 degrees {Figure 6.19). The effect of dissolution on the X-ray 

diffraction pattern was obvious, with many peaks evident in the w20-25 20 degrees 

region {h & d).

c

5 10 15 20 25 30 35
20 (degrees)

Figure 6.20 X-ray diffractograms for (a) a 50:50 physical mix of SAR and sodium 

stearate (b) 20% w/w benzoic acid systems with 50:50 physical mix of SAR and 

sodium stearate as the carrier material, after dissolution in phosphate buffer pH 

7.4.,(c) anhydrous sodium stearate and (d) sodium stearate compacts of 20% w/w 

benzoic acid loading, after dissolution in phosphate buffer pH 7.4,

Matrix dimensions were measured after dissolution as listed below {Table 6.6). For 

system a, composed of SAR, this height increase has been demonstrated in many 

similar systems discussed throughout this chapter, and is thought to be related to a 

morphological change in SAR, With sodium stearate as the carrier material {b), the 

change in height was thought to be characteristic of sodium soaps. Anhydrous 

sodium stearate, which was used in these systems, can incorporate a small amount of 

water in crystalline or liquid crystalline phases, resulting in matrix swelling {Void et 

al, 1940, Small, 1988). System c was prepared using both SAR and sodium stearate 

and it is suggested that height and diameter increases for these systems may have been 

due to a combination of swelling and a change in SAR. ARa values were statistically
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compared using the t-test, showing that values for a and c while not significantly 

different from each other, were significantly different to ARa for system h.

Table 6.6 Changes in dimensions and ARa values of 20% w/w benzoic acid systems 

of (a) SAR, (b) sodium stearate and (c) SAR and sodium stearate 50:50 physical mix, 

after 3hr dissolution.

Systems Diameter (cm) Height (cm) ARa (jjm)

Before After Ratio Before After Ratio

a 1.3 1.3 1 0.14 0.15 1.07 6.15

b 1.3 1.3 1 0.14 0.155 1.11 2.75

c 1.3 1.33 1.02 0.14 0.163 1.16 5,43

6.3.6 Furth er Studies

Results indicated that SAR was altered in the presence of phosphate buffer pH 7.4 

The study continued with the aim of defining the specific reaction that was occurring. 

A disc of 100% w/w SAR was placed into 0.067M NaOH solution (sodium 

hydroxide), which is of equivalent molarity to phosphate buffer pH 7.4 but has a pH 

of 14. This disc will be named SAR/NaOH in further discussions. Visible surface 

changes were obvious after lOmin, the disc edge appearing rounded. The compact 

was soaked for 4hr at room temperature in the basic solution. Another system 

composed entirely of sodium stearate was placed in phosphate buffer pH 7.4 for 

96hrs.

6.3.6.1 Differential Scanning Calorimetry

The melting profiles of anhydrous sodium stearate and sodium palmitate are shown in 

Figure 6.21. The DSC scans for these two soaps are almost identical and suitably 

complex, showing many thermal events. These transition temperatures were studied 

extensively by Void et al (1940). Visible changes in appearance were seen at the 

corresponding temperatures using light microscopy. Each endotherm represents the 

melting of a liquid crystal formed as an intermediary to the final melting of these 

soaps into a mobile isotropic liquid. Such liquid crystals are named soap-boilers neat 

soap, subneat and superneat soap and are classified according to appearance. Similar
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melting profiles result as the compounds are neighbours in the homologous fatty acid 

series.

The DSC trace obtained for a sample of the surface o f SAR/NaOH systems was 

complex with multiple endotherms present {Figure 6.21), in contrast to the raw 

material which melted at 55°C {Figure 6.1). Two endotherms at temperatures above 

100°C appeared to correlate with the melting profiles o f the soaps, while two major 

endotherms occurring at «54°C and 67°C were also seen previously in drug free SAR 

compacts after 15hr dissolution. The interior of the sample (not shown) melted at 

55°C, consistent with the onset o f melting of SAR. With regard to previous scans, the 

endotherms below 70°C may correspond to the ahered form of SAR that occurred 

when sodium ions were present, while the peaks seen beyond this time point were in 

common with sodium sah forms of the fatty acids. This suggests that at a high pH the 

changes demonstrated were more pronounced and possibly there was a greater extent 

of change, as a result of increased fatty acid ionisation.

SODIUM PALMITATE

SODIUM STEARATE

SAR/NaOH EXTERIOR

v \ SODIUM STEARATE DISC AFTER DISSOLUTION

Figure 6.21 DSC scans o f (a) sodium palmitate, (b) sodium stearate, (c) surface o f 

SAR disc placed in 0.067M NaOH solution (SAR/NaOH), and (d) sodium stearate 

disc after 96 hr dissolution in phosphate buffer pH 7.4.
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The influence of phosphate buffer on sodium stearate was evident. DSC scans 

showed peaks common to anhydrous sodium stearate at temperatures in excess of 

120°C while major endotherms below this temperature were suggestive of a change in 

sodium stearate, most likely as a result of hydration.

6.3.6.2 X-ray Diffraction

X-ray diffraction patterns for the sodium salt forms o f stearic acid (a) and palmitic 

acid (b) were similar {Figure 6.22). The surface o f SAR/NaOH systems showed 

many peaks at a similar location to those o f the soaps. However, the intense peak at 

»22 20 degrees appeared to be indicative of the raw material, SAR. The X-ray trace 

for sodium stearate systems after dissolution was complex and did not appear to 

resemble the starting material. Many peaks were seen between ?k18 and 25 20 

degrees.

a.

5 10 15 20 25 30 35
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Figure 6.22 X-ray diffractograms of (a) sodium stearate, (b) sodium palmitate, no 

dissolution, (b) surface sample of SAR disc placed in 0.067M NaOH solution and (c) 

sodium stearate disc after 96hr dissolution.

6.3. 7 Scanning Electron Microscopy Studies

The surface o f drug-free compacts of SAR and SAP compacts was viewed using 

scanning electron microscopy, before and after dissolution, in phosphate buffer pH

7.4. The surface of SAP compacts appeared very smooth in contrast to those of SAR 

which appeared slightly porous (Figure 6.23 & Figure 6.24).
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SE 26-Mar-OO 007328 WD19 . ° 6 i r a J i  5. COkV x2 . 5k ’ 26um

Figure 6.23 SAP surface before dissolution (x2.5k).

After dissolution the differences between compacts o f the two grades of stearic acid, 

were more pronounced (Figure 6.25 df Figure 6.26).

\

SE 28-Mar-OO 00"331 WD19.4mm S.COkV x 2 .Sk 20um

Figure 6.24 SAR surface before dissolution (x2.5k).
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SE 27-Mar-OO 007290 WD21.0mm s’. COkV xlOC° SOOurn"

Figure 6.25 SAP surface after dissolution in phosphate buffer pH 7.4. (xlOO).

Figure 6.26 SAR surface after 15hr dissolution in phosphate buffer pH 7.4 (xlOO).

At a higher magnification SAP surfaces showed a small degree of irregular pore 

formation, while surfaces o f SAR compacts appeared very different {Figure 6.27 & 

Figure 6.28), the surface texture an almost regular unit which seemed to be repeated 

over the entire surface.
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Figure 6.27 SAP surface after 15 hr dissolution in phosphate buffer pH 7.4.

SE 27-Mar-CO C07295 W cis . 'snm  10 . 5kV x2 . 5k ‘ 26uir.'

Figure 6,28 SAR surface after 15hr dissolution in phosphate buffer (x2.5k).

6.3.8 Fourier Transform- Infrared Spectrometry

SAR compacts which showed evidence o f change, following dissolution, were studied 

using FT-IR. A surface sample was removed from SAR compacts after 15hr 

dissolution in phosphate buffer pH 7.4, and the spectrum was compared with those of 

the fatty acids and their sodium sah forms. IR spectra for this surface sample and for 

SAP, SAR, PA and sodium stearate and sodium palmitate are shown in Appendix IX  

{Figures 1-6). Acid-soaps, o f stearic acid and palmitic acid, were also prepared by
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melting 1:1 physical mixtures of acid and corresponding sodium soap. The resultant 

IR spectra are depicted in Figures 7 & 8 o^Appendix IX.

Spectra of fatty acids and their soaps are relatively similar. Stretching vibrations for 

methyl groups are apparent in the region 2975-2840 cm'^, while vibration bands 

occurring at 1465-1440 cm ' and at 1390-1370 cm ' are characteristic of C-H 

asymmetric and symmetric deformations, respectively {Socrates, 1994). Carboxylic 

acids exhibit a strong band in the region 1725-1700 cm'* due to C=0 stretching 

vibrations. By comparison in carboxylic acid sahs the stretching vibration of the 

carboxyl bond occurs between 1650-1550 cm"' {Socrates, 1994).

The surface sample, which had been removed from SAR compacts, after dissolution, 

exhibited two peaks , one at «1700cm ' and the other at 1550cm * {Appendix IX, 

Figure 6). Scans for 1:1 stearic acid: sodium stearate acid-soap and 1:1 palmitic 

acid: sodium palmitate acid-soap showed stretching at similar spectral regions 

{Appendix IX, Figures 7 & 8). FTIR studies therefore suggested the existence of acid- 

soap formation.

Lynch et al {1996) characterised 1:2 sodium soap/fatty acid acid-soap of palmitic acid. 

IR and NMR data indicated the existence of two distinct carbonyl carbons, which 

though representative of the parent compounds, differed from those in pure soap and 

pure acid. Two peaks were seen in the carbonyl stretching region; an acid-like peak at 

« 1700cm ' and a carboxylate-like one at » 1540cm''. The location of these peaks once 

again overlaps with those determined for the surface sample, following dissolution.

6.4 ACID SOAP

6.4.1 Differential Scanning Calorimetry

In the light of the findings, discussed above, acid soaps were prepared from palmitic 

acid and stearic acid and their corresponding sodium soaps, by melting and cooling 

mixtures containing equal quantities of acid and soap. DSC analysis showed double 

endotherms which are not dissimilar to those obtained for SAR compacts after 

dissolution {Figure 6.29). However the values for onset of melting were much lower 

for SAR compacts, which may suggest that mixed soaps are formed, or that the lower
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molecular weight fatty acids and unsaturated derivatives o f Cie and Ci8 are depressing 

the melting point. Palmitic acid-sodium palmitate acid-soap melted at a lower 

temperature than stearic acid-sodium stearate acid soap.

+ -

Figure 6.29 DSC scans for (a) 1:1 palmitic acid-sodium palmitate acid-soap and (b) 

1:1 stearic acid-sodium stearate acid-soap.

6.4.2 X-ray Diffraction

X-ray diffraction patterns obtained for acid-soaps o f palmitic acid and stearic acid are 

shown in Figure 6.30. Similar to patterns shown before for SAR compacts after 

dissolution, many peaks are evident in the region «20-24 20 degrees, which support 

the reasoning that acid-soap is forming when SAR is placed in contact with sodium 

ions. Multiple peaks in the same region were evident for SAR compacts of 20% 

benzoic acid loading, after a 15hr dissolution period, and also for 20% benzoic acid 

loaded systems of sodium stearate, and those where the matrix was composed of a 

50:50 physical mix o f sodium stearate and SAR.
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Figure 6.30 X-ray traces for (a) 1:1 palmitic acid-sodium palmitate acid-soap, (b) 1:1 

stearic acid-sodium stearate acid-soap.

6.5 CONCLUSIONS

The visual appearance of SAR compacts following dissolution in phosphate buffer pH 

7.4 suggested that SAR morphology had been altered. DSC and XRD traces were 

different to those of the starting material, in support o f the visual differences 

observed. Matrix dimensions had also changed for many systems. A link was 

demonstrated between the presence o f sodium ions and this altered form of SAR. The 

most obvious explanation being the formation o f the sodium salt form of the fatty 

acid.

SAR is composed o f a variety o f fatty acids. Capric acid, melts at «32°C and will 

therefore dissolve in buffer heated to 37°C. In addition, other components o f SAR 

melt at lower temperatures than the pure acid. Fatty acids o f lower chain length, such 

as lauric acid (Cn) and myristic acid (Ch ) may form soaps more readily than stearic 

acid. The unsaturated derivatives would also be assumed to be more reactive than the 

saturated fatty acid. This may serve to explain the differences between SAR and SAP 

compacts after dissolution, where SAP compacts may also undergo a similar 

morphological change over an extended period of exposure to buffer. This reasoning 

was supported by SEM studies which showed that surfaces o f SAP compacts were
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slightly more porous and less smooth after dissolution, perhaps indicating that similar, 

though less pronounced, changes were occurring.

An inverse relationship was demonstrated between the rate of drug release and onset 

of melting of different fatty acids {Figure 4.20). SAR meUs at a temperature 

approximately 15°C below that of SAP, implying that greater release would be 

expected from SAR compacts.

IR spectra indicated that the altered form of SAR is characteristic of an acid-soap, as 

defined by the position of the absorption band of the carboxyl stretch, for acid and sah 

form. This may serve to explain some of the anomalies in release studies, as acid- 

soap can hydrate and will obviously enhance the rate of release relative to unchanged 

fatty acid. In addition, it is possible that in compacts of SAR, the lower molecular 

weight fatty acids may form soaps or acid-soaps and dissolve out, leaving a purer 

sample of higher molecular weight fatty acids.

DSC scans and X-ray diffraction traces for 1:1 acid-soaps of palmitic acid and stearic 

acid showed similarities to those obtained for SAR compacts after dissolution. 

However, the ratio of acid: soap can vary, with five forms having been identified for 

stearic acid to date {Lynch et al, 1997). The same authors have also suggested that 

two polymorphic forms of palmitic acid 2:1 acid-soap crystals exist. The 

identification of these structures is complicated as for crystallographic studies it is 

necessary to isolate pure phases. It is even more difficult to determine the crystal 

chemistry of mixtures of different chain length acid-soaps. Lynch et al {1997) 

suggested that the application of Cross Polarization/Magic Spin Solid State 

Nuclear Magnetic Resonance (*̂ C CP/MAS NMR), coupled with IR spectroscopy and 

crystallographic data will provide definitive data as to the nature of acid-soaps and 

related hydrogen bonding. This extensive type of study was beyond the scope of this 

thesis but would be a very interesting continuation of the work.
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7.1 INTRODUCTION

This chapter investigates drug release from systems of smaller dimensions than 

previously described to date in the course of this thesis. The work can be largely 

divided into two parts; (a) matrix systems of reduced size and (b) microspheres. As 

subsequent work was aimed at producing implantable drug delivery systems, the 

release of drug from smaller systems was investigated which were a more appropriate 

size for implantation than 13mm compacts.

7.2 MATRIX SIZE

Different compaction pressures were employed for the production of the various sizes 

of matrices depending on the recommended maximum load for the specific punch and 

die set. However in Section 4.8 release from 13mm compacts of 20% benzoic acid 

loading compressed at 1, 3 and 7 tons was the same regardless of the compaction 

pressure employed. It was therefore assumed that differences in drug release from 

systems of different size were related to changes in matrix dimensions rather than 

compaction pressure.

Kaewvichit & Tucker {1994) studied the effect of compaction pressures of 2 and 3.5 

tons on bovine serum albumin release from stearic acid matrices. Similar release was 

observed from compacts compressed at different pressure, implying that drug release 

was not influenced by compaction pressure, in the range tested.

The average weight of compacts was lOmg, 80mg and 200mg for 3mm, 7mm and 

13mm systems, respectively. Drug release from systems of 20% benzoic acid and 

SAR was measured. Matrix size affected the fraction released {Figure 7.1), with the 

greatest fraction being released from the smallest system.

Release data was fitted to Equation 2.23 {Cobby), which accounts for dimensions of 

the matrix system {Figure 7.1). Values of q, the ratio of radius to half the initial 

matrix height were 2.31, 3.18 and 9.29 for systems of 3mm, 7mm and 13mm 

respectively.
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Figure 7,1 Fraction of drug released from SAR compacts of 20% w/w benzoic acid 

of 13mm (♦), 7mm (■) and 3mm ( A )  diameter fitted to Equation 2.23 {Cobby).

Table 7.1 Parameter estimates and statistics for release from SAR compacts of 20% 

w/w benzoic acid loading of 3mm, 7mm and 13mm diameter fitted to Equation 2.23 

{Cobby).

Parameters 3mm 7mm 13 mm

Kr (min'^^) 0.0093 0.0059 0,0021

SD 6.86E'^ 4.60E'^ 1,14E'^

2.31 3.18 9.29

SS 0.0058 0,0048 0,0018

SD 0.999 0.999 0,999
7r 0.994 0,993 0,995

MSC 4.65 4.51 5.02

Based on Equation 2.23 the differences in Kr are directly related to changes in A and 

ro. All other parameters in this equation are physicochemical properties that are 

specific to the drug, which were therefore constant, regardless of matrix size. As the 

relationship between Kr and Vo is inverse, reducing matrix size has the effect of 

increasing the rate of release.
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7.3 MICROSPHERES

Micro spheres, as drug delivery systems offer benefits over traditional dosage forms in 

that, by their nature, they can both target drug delivery by physical entrapment within 

cells and sustain therapeutic drug levels through a controlled release mechanism 

{Cummings, 1998). To date, most research has centred on the production of 

microspheres using polymeric materials. These microspheres have successfully been 

used for ocular, lymphatic, vaccine and protein/peptide delivery {LeiictHa, 1989, 

Gupta et al, 1989, Hilbert et al, 1996, Benoit et al, 1986, Soriano et al 1996 and 

Khaksa, 1998). Release from polymeric systems is often complex, encompassing 

drug release with simultaneous swelling and erosion/ degradation {Ford et al 1991). 

This makes it difficult to reliably predict release from these drug delivery systems.

Microspheres formed from wax have been used to incorporate, for example, 5- 

flourouracil, for cancer chemotherapy, ibuprofen and propranolol {Benita et al, 1986, 

Adeyeye & Price, 1994, Varshosaz & Kaihanfar, 1997). The term ‘wax’ is usually 

confined to natural mixtures of appreciable quantities of esters derived from higher 

monohydric alcohols of the methyl alcohol series combined with fatty acids {Trease 

dJ: Evans, 1973). Waxes are abundant in nature and include vegetable products such 

as carnauba wax, and animal products like beeswax, wool-fat and spermaceti.

Adeyeye & Price (1993) showed that ibuprofen release from microspheres differed 

when systems were composed of different paraffin waxes, namely microcrystalline 

wax, ceresine wax or refined paraffin wax. They also measured release from beeswax 

which contains hydroxyl and hydroxy acid groups, unlike the paraffin waxes which 

solely consist of hydrocarbons. Differences in release were attributed to different 

chemical and physical properties of the various waxes.

Ibuprofen loaded stearic acid microspheres were produced by an emulsification 

technique, whereby the drug was added to molten fatty acid, with subsequent addition 

of water {Kagadis & Chou Us, 1985). A reduction of the temperature after constant 

stirring enabled microparticle solidification. Release was proportional to drug loading 

and inversely proportional to particle size.
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This section reports the production o f drug-free stearic acid microspheres as well as 

drug-loaded microspheres which incorporated benzoic acid. Water is the only solvent 

used in microsphere production thereby avoiding the issue o f toxicity problems, and is 

an inexpensive way of producing a biodegradable drug delivery system.

7.4 PRELIM INARY STUDIES

Initial experiments were aimed at screening for an appropriate emulsifying agent, and 

determining the effect o f production parameters on microsphere formation. 

Emulsifying agents assessed were methylcellulose (MC), polyvinylalcohol (PVA) and 

sodium lauryl sulphate (SLS). The use o f a Heidolph stirrer blade (HD) or an 

Ultraturrax (UT) mixer, for emulsion agitation, was also compared. The results are 

summarised in Table 7.2. It is evident that PVA was not a suitable emulgent for the 

formation of this type o f microspheres (E, Table 7.2). Microspheres were not seen 

and instead solidified stearic acid had formed irregularly shaped particles. When the 

continuous phase consisted of MC solution, many spheres were present (D, Table 7.2) 

{Figure 7.2).

Table 7.2 Results from light microscopy studies on preliminary microsphere 

production experiments.

Emulsifying agent Phase volume ratio (in parts) 

Disperse phase: Continuous phase

Appearance

(A) 0.3% w/v MC 1: 50 Many irregular shapes, few spheres

(B) 0.3% w/vM C+ 1;50 Microspheres visible but also a lot of

0.05% w/v SLS debris

(C)0.3% w/vM C 7: 60 Shock cooled sample consisted of a few 

particles which were not completely 

spherical

(D) 0.3% w/v MC 7: 125 Shock cooled sample yielded many 

microspheres whereas the bulk of the 

material consisted of many aggregates

(E) 0.3% w/v PVA 7: 125 No spheres visible. Many irregular 

crystalline shapes
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Figure 7.2 Microspheres produced from stearic acid and 0.3% w/v methylcellulose 

solution (7:125), shock cooled in water at magnification x 40.

The shock-cooled particles were especially promising and so this rapid cooling step 

was added into the experimental procedure. Birefringence was observed using 

polarised light microscopy implying that stearic acid was present in its crystalline 

form. The addition of a second emulsifying agent, SLS, did not appear to improve 

microsphere production as it encouraged the formation of many irregular shaped 

particles, in addition to spherical particles (B, Table 7.2). Methylcellulose was 

therefore chosen for the extended study as it produced the best microspheres and few 

non-spherical particles. The phase volume ratio of 7:125 parts appeared to be the best 

ratio for microsphere formation, of the ratios tested (D, Table 7.2).

Stearic acid microspheres as viewed using scanning electron microscopy are shown 

below {Figure 7.3).
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Figure 7.3 SEM image of stearic acid microspheres sieve fraction 63-125(im (HD),

Drug-free spheres appeared as a multidisperse system. Many spheres appeared to 

have a small opening in their surface. At an increased magnification the surface of an 

individual microsphere was fairly smooth and relatively non porous {Figure 7.4).

Figure 7.4 SEM image of the surface of a stearic acid microsphere (HD).

161



Chapter 7~  The Effect o f Device Size on Release

Dmg-free microspheres were characterised by XRD and DSC. Results indicated that 

crystalline pattern and melting behaviour of the spheres were characteristic of the raw 

materials.

7.5 CHARACTERISATION OF DRUG LOADED M ICROSPHERES

In this section percentage drug loading refers to the nominal loading of a particular 

system. Actual drug loading will be discussed in Section 7.6.

7.5.1 Differential Scanning Calorimetry

Stearic acid (SAF) showed an onset o f melting o f 69°C and benzoic acid melted at 

122°C {Figure 7.5).

S T E A R IC  A C ID  F L A K E S
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Figure 7.5 DSC scans of stearic acid flakes and benzoic acid.

DSC scans for drug loaded microspheres o f 20%, 30% and 40% nominal loading are 

shown in Figure 7.6. All samples showed a single endotherm with an onset of 

melting at «60°C, which is 9°C lower than the melting point o f pure SAF. The
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absence of the benzoic acid peak implies that the dmg was dispersed within the 

molten stearic acid forming a single melt. Previous work {O ’Connor, 1994) quotes 

the eutectic point at a concentration of 30% w/w benzoic acid. Onset of mehing for 

this composition was 52.9°C. Eutectic mixtures typically melt at a lower temperature 

than either of the pure components, explaining the depression in onset of melting of 

SAF

40%

20%

Integral

60.04 C

In teg ra l

Figure 7.6 DSC scans for SAF microspheres of 20%, 30% and 40% w/w nominal 

benzoic acid loading.

7.5,2 X-ray Diffraction

The X-ray diffraction patterns of benzoic acid and stearic acid flakes (SAF) are shown 

in Figure 7.7. Peaks at 22 and 25 20 degrees overlap in both SAF and benzoic acid. 

The diffractogram for 20% w/w benzoic acid: 80% w/w stearic acid mechanical mix 

incorporates the crystalline patterns of both components.
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XRD traces for drug loaded microspheres show evidence o f the presence o f both 

components in their crystalline form {Figure 7.8). This indicates that crystalline 

benzoic acid was dispersed within a crystalline stearic acid matrix.
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Figure 7.7 X ray diffractograms of (a) stearic acid flakes, (b) benzoic acid and (c) a 

20% w/w benzoic acid: 80% w/w stearic acid mechanical mix.
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Figure 7,8 XRD diffractograms for benzoic acid loaded SAF microspheres o f (a) 

20% w/w loading produced using an Ultraturrax mixer (UT), and (b) 20%, (c) 30% 

and (d) 40% w/w loading, produced using a Heidolph propeller blade stirrer (HD).
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7.5.3 Microscopy & Particle Size Analysis

The particle size range of microspheres was determined by sieve analysis. Results 

from this study however did not reflect the true distribution o f particle sizes. 

Scanning electron microscopy revealed that sieve fractions >125|j,m consisted mostly 

of aggregates of smaller microspheres. Evidence for this is shown in Figure 7.9 

which depicts microspheres of 20% loading and sieve fraction 125-250|o,m.

0 0 29 67  WD10.7mm 5 . OOkV x60 0  50um

Figure 7.9 SEM image o f an aggregate present in sieve fraction 125-250[j,m o f 20% 

w/w benzoic acid loaded SAP microspheres (HD).

The aggregate illustrated above was approximately 180|j,m in width. If instead these 

microspheres existed separately they would lie within the 63-125|j,m sieve fraction. 

The extent of aggregation appeared greater in samples of 40% drug loading than for 

those o f 20% drug loading {Figure 7.10).

At the lower particle size range of 0-63 [im, microspheres appeared to be well 

separated {Figure 7.11). In contrast to drug-free spheres, shown in Figure 7.3, these 

particles appear less spherical. Surfaces seemed to be more porous and not as smooth. 

Most spheres appear to be o f dimensions close to 63|am, which is the upper limit of 

this sieve fraction. Within this sieve fraction, however, there was some non-spherical 

material which was most likely a residue of microsphere production.
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Figure 7.10 SEM image of aggregates contained within the 125-250[o.m sieve 

fraction o f 40% w/w benzoic acid loaded SAF microspheres (HD).

0 0 2 9 5 4  ?-JD10.8mm S.OOkV x500  lOOum

Figure 7.11 SEM image of 0-63 [im sieve fraction of 40% benzoic acid loaded SAF 

microspheres (HD).
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Microspheres of sieve fraction 63-125nm were used for dissolution studies as they 

were well-separated spheres {Figure 7.12), and also to enable comparison with 

compacts previously produced from mechanical mixes of the same particle size.

Figure 7.12 SEM image of sieve fraction 63-125[j,m of 20% w/w benzoic acid loaded 

SAF microspheres (HD).

Differences were observed between microspheres produced using the UUraturrax 

mixer (UT) and those made using the Heidolph propeller blade mixer (HD) {Figure 

7.13 & Figure 7.14). Microspheres produced using the UT were notably rougher and 

more porous than those prepared with the HD. This trend was consistent for all drug 

loadings prepared with the HD.
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0 0 3 1 1 0  I*?D13.7min 5 . OOkV x 2 . 5 k  20um

Figure 7,13 SEM image of the surface of 20% benzoic acid loaded SAF microsphere 

produced using the Ultraturrax (UT).

0 0 4 0 1 8  Vnj31,bmm 5°, OOkV x2 . 5k ' 26um

Figure 7.14 SEM image of the surface of 40% w/w benzoic acid loaded SAF 

microspheres produced using the Heidolph propeller blade (HD).
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7.6 DRUG RELEASE FROM MICROSPHERES 

7.6.1 Dissolution Profiles

Drug release was measured over a three hour period. Release profiles indicated that, 

by this time, drug release was complete, as the rate of release appeared to be 

negligible. The final amount released after 3hr was therefore assumed to equal the 

actual drug loading.

Release from drug loaded microspheres is shown below {Figure 7.15). The amount 

of drug released increased with loading. In all systems drug release appeared to occur 

largely by a burst mechanism followed by a slower release phase. Similar release 

profiles were seen for 13mm compacts of benzoic acid and SAP produced from 

components of 63-125|j,m particle size (Figure 5.16).
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Figure 7.15 Release from SAP microspheres of 20% (UT) (♦), 20% (HD) (■), 30% 

(HD) ( A )  and 40% (HD) ( • )  w/w nominal benzoic acid loading.

Drug loading efficiencies are hsted in Table 7.3. Actual loadings of 6.21%, 11.3%, 

23.7% and 28.9% were achieved for systems of attempted loadings of 20% (UT), 20% 

(HD), 30% (HD) and 40% (HD). The greatest intra-batch variation in actual drug 

loading was 5.49%, as was seen for microspheres produced using the Ultraturrax. In 

contrast, samples from batches of attempted drug loadings of 20%, 30% & 40% only 

varied by 2.51%, 2.33% and 4.47%, respectively. Increasing attempted drug loading 

above 30%, did not appear to improve drug loading efficiency. Actual drug loading 

achieved was noticably lower in microspheres produced using the Ultraturrax. This
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may be related to the porous nature of microsphere surfaces as previously discussed 

{Figure 7.13).

Table 7.3 Drug loading efficiencies (w/w) for SAF microspheres presented as 

percentage of nominal benzoic acid loading.

20% UT 20%HD 30%HD 40%HD

Sample 1 34.15% 57.73% 79.94% 74.59%

Sample 2 28.66% 55.22% 77.61% 70.12%

Sample 3 30.36% 56.39% 79.66% 71.57%

Actual loading 6.21% 11.29% 23.73% 28.94%

Benita et al {1986) achieved drug loadings of 11.2-30.6%, in microspheres of 10-30% 

w/w theoretical loading. The particle size of drug loaded microspheres was higher 

than for blank microspheres, the size increasing with increasing drug loading. It was 

thought that 5-flourouracil increased the viscosity of the dispersion, resulting in larger 

microspheres of a higher drug loading than expected.

Ibuprofen-wax microspheres were assayed for drug content and were shown to 

contain 89 .5 to 96% of the theoretical loading {Adeyeye & Price, 1994).

Drug release from microspheres of 20% loading, sieve fraction 125-250nm, was 

measured for comparison with microspheres from the 63-125[j,m particle size range 

{Figure 7.16). Previously in Figure 7.9, it was shown that this sieve fraction did not 

appear to consist of larger microspheres but mostly of aggregates of smaller particles. 

The aggregation was thought to be the resuh of benzoic acid, stearic acid or 

methylcellulose solidification. Release from this larger sieve fraction was seen to 

mirror the release from the lower particle size fraction {Figure 7.16). Following 

dissolution the microspheres were collected and dried. Microscopy studies revealed 

that these aggregates did not separate during dissolution, indicating that microsphere 

aggregation was not the result of benzoic acid recrystallisation on the surface, which 

would have dissolved during dissolution.
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Figure 7.16 Dmg release from SAF microspheres o f 20% w/w benzoic acid loading 

of particle size 63-125|im (♦ ) and 125-250|j,m (■), produced using a Heidolph stirrer.

Microspheres were also produced using 0 .15%w/v MC solution, in contrast to 0.3% 

w/v MC solution, which was used for all other systems discussed to date. It was 

thought that perhaps using MC solution of a lower concentration would reduce the 

degree of aggregation, if indeed MC was involved in the aggregation process. 

Microspheres of 63-125|o^m particle size were well separated as seen previously for 

systems prepared with 0.3%w/v methylcellulose {Figure 7.3). Sieve fraction 125- 

250[j,m consisted o f aggregrates similar to those formed using 0.3%w/v MC 

{Appendix X). However, aggregates appeared to consist o f a fewer number of 

particles, perhaps suggesting that the extent o f aggregation was less at the lower MC 

concentration. Release from microspheres appear to be unaffected by the 

concentration of methylcellulose used in their preparation {Figure 7.17).
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Figure 7.17 Release profiles for SAF microspheres of 20% w/w nominal benzoic 

acid loading, prepared with 0.15%w/v (♦) and 0.3% w/v (■) methylcellulose solution.

7.6 .2 Modelling Drug Release

When data was fitted to the matrix controlled model {Higuchi, 1963) or its 

modification for spherical systems {Cobby, 1974) poor agreement was observed. Data 

was also fitted to a first order model which was not shown to be appropriate for 

describing drug release from the microspheres. A much better fit was obtained using 

Equation 2.32 (Mollo), which accounts for an initial drug burst followed by vf matrix 

controlled diffusion. The shape factors, Gy, G2 and G3 for spherical systems listed in 

Table 2.1 were employed. Equation 2.32 was modified to include shape factors for 

spherical systems as shown in Equation 7.1.

W, = w j[ fb ^ { \ -e  '̂ ‘̂) + { \ - f b J 0 K ^ 4 t ) - \ K ^ 4 t f  + { K ^ 4 t f \  Equation 7.1

where Wd is the amount of drug released at time t. Woo is the amount of drug released 

at time infinity, and all other parameters are as listed previously for Equation 2.32.

Release data was in good agreement with Equation 7.1 {Figure 7.18). Parameter 

estimates and corresponding statistics are listed in Table 7.4.

The fraction released in the burst, /&<», increased with drug loading from 20% to 30%. 

However, no significant change in this value was seen on increasing drug loading
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from 30 to 40%. The values of Kr did not greatly change with drug loading. 

Statistical analysis revealed that this model was suitable for describing drug release 

from drug loaded stearic acid microspheres with reasonably high MSC  and values 

obtained for the fit.

16 -

o) 14 -

■o

10 ^

0 20 40 60 80 100 120 140 160 180
Time (min)

Figure 7.18 Release from SAP microspheres o f 20% UT (♦ ), 20% HD (■), 30% (A) 

and 40% w/w ( • )  nominal benzoic acid loading fitted to Equation 7.1.

Table 7.4 Parameter estimates and statistics obtained from release data for SAP 

microspheres o f 20%-40% w/w benzoic acid loading, fitted to Equation 7.1. Actual 

drug loadings are listed below nominal values, kb was fixed at an average value of 

0.923 m in ‘.

Parameters 20%UT

(6.21%)

20% HD 

(11.29%)

30% HD 

(23.73%)

40% HD 

(28.94%)

Kr (min'’ )̂ 0.044 0.063 0.049 0,052

SD forK r 0.0037 0.0045 0.0046 0.0035

fhoo 0.057 0.363 0.548 0.447

SDforfboo 0.005 0.039 0.033 0.028

SS 0.208 0.173 0,889 0.67
7r 0.977 0.994 0,993 0.999

MSC 3.35 4.66 4,39 5.03
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Ibuprofen release from microcrystalline wax or ceresine wax microspheres {Adeyeye 

& Price, 1994) showed a similar release pattern, whereby drug was released by an 

initial burst, followed by a much slower release phase. Drug release from 

microspheres produced from the same waxes, but with the addition of a modifier 

(20% stearyl alcohol), showed a different release profile. The amount of drug 

released overall was higher than for systems produced without hydrophilic modifier, 

and increased steadily with time. An initial burst phase was not displayed by these 

systems.

Benita et al (1986) investigated release of 5-flourouracil from carnauba wax 

microspheres. Release, which followed a first order mechanism, was thought to be 

governed by a dissolution process rather than by leaching through the wax matrices.

Cefuroxime axetil was incorporated into stearic acid microspheres by a spray chilling 

process (Robson et al, 1996). Release data, for dissolution in Sorensens phosphate 

buffer at pH 7 and pH 8, plotted against was non-linear. The authors proposed that 

while diffusion may have been occurring, it was not the only mechanism of release.

7.6.3 Surface Characteristics After Dissolution

SEM was used to examine microsphere surfaces after dissolution. Microspheres 

which had been produced using the Heidolph blade appeared porous after dissolution. 

Surface appearance was not seen to differ significantly after dissolution, for the 

systems prepared with the Ultraturrax. Figure 7.14 depicts the surface of a typical 

microsphere of 40% loading (HD) before dissolution. After dissolution, surfaces 

were more porous (Figure 7.19). Pores were approximately 2fxm or less, in diameter, 

suggesting that benzoic acid was in a micronized form within the microspheres.
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Figure 7.19 SEM image o f the surface of 40% w/w benzoic acid loaded SAP 

microsphere after dissolution (HD),

7.7 CONCLUSIONS

Stearic acid was successfully used to manufacture microspheres, A simple 

emulsification technique was used which did not require the use o f toxic solvents, 

Methylcellulose was determined to be the most suitable emulsifying agent for forming 

stearic acid microspheres.

Sieve fraction 63-125|o,m contained well-separated microspheres o f a uniform size, 

while in sieve fractions above 125iJ,m the sample was seen to consist chiefly o f 

aggregates rather than larger particles.

Release o f benzoic acid appeared to be by an initial surface burst followed by vf 

diffusion controlled kinetics. In all systems however, the majority o f drug was 

released by burst. Differences in loading efficiency and consequent drug release were 

seen between systems prepared using an Ultraturrax mixer or a Heidolph propeller 

blade stirrer. The latter, produced microspheres whose surface was shown to be 

smooth in contrast to those produced with the former, where surfaces seemed porous.

175



Chapter  7~  The E ffect o f  Device Size on Release

Following dissolution, the smooth surface o f  40% w/w benzoic acid microspheres had 

become porous. The leaching o f drug yielded pores o f 2[im or less, in diameter, 

suggesting that benzoic acid was present within the microspheres in a micronized 

form.
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8.1 INTRODUCTION

In general, to date, release from stearic acid compacts has been consistent with matrix 

controlled ^  diffusion kinetics, with percolation effects evident at low loadings. The 

effect of particle size and/or drug loading on the s/ t  ratio was demonstrated. These 

findings differ from those reported by Kaewvichit {1994) where an empirical power 

equation gave an acceptable description of the release of bovine serum albumin from 

stearic acid compacts. However, the value of the exponent n varied from 0,06 to 0.36 

for drug loadings of 5-30% release, suggesting anomalous drug release. Estimates of 

ranged from 0,38-0.99. For benzoic acid/stearic acid systems described in Chapter 

4, 11 varied from 0.33-0.736, with most drug loadings exhibiting controlled 

diffusional release. Data fitted to this model yielded values of 0.995-0.999 and 

MSC values which ranged from 5.15 to 7.38 {Table 5.3).

Since the latter used the high molecular weight, amorphous compound, bovine serum 

albumin, in contrast to the low molecular weight crystalline benzoic acid, the current 

work was extended to using insulin as a model compound. Insulin is crystalline and 

has a molecular weight of 6,000 which is approximately 10 times lower than that of 

bovine serum albumin, however it is a larger molecule than any biotechnological 

actives currently under development, such as calcitonin and oxytocin. Furthermore, 

insulin has previously been used by Wang {1987) who reported drug delivery in vivo 

over »38 days. In his work, in vitro data was not presented, and the response in 

diabetic rats, was measured as a pharmacological response, namely, plasma glucose 

levels. The mechanism of release from these implants was not discussed,

hanger et al {1980) were one of the first research groups to produce implantable 

polymeric systems for the slow release of insulin. These polymer systems effected 

insulin release in vivo over a 29 day period. They attributed the lack of release 

beyond this time to fibrous encapsulation of the device, which when removed and 

implanted into a previously untreated animal began to function again. While matrices 

of ethyl-vinyl acetate copolymer showed very promising results, the material though 

biocompatible was nondegradable, necessitating removal following drug release.
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The work of Brown et al {1986a) was extended to assess the in vitro kinetics of 

insulin release from ethyl-vinyl acetate devices. Two stages of drug release were 

observed, a burst effect caused by dissolution of large insulin particles present on the 

surface, followed by vf diffusion controlled release. Release from these systems was 

enhanced by using a more soluble form of insulin {Cs of sodium insulin> Cj of zinc 

insulin), by increasing insulin particle size within the range 75nm-425|im, by 

increasing drug loading from 20%-50%, and by increasing the matrix porosity by 

differing the method of device manufacture. The use of a sintering technique rather 

than a solvent casting technique was shown to produce a more porous system.

In vivo, these ethyl-vinyl acetate devices, containing sodium insulin, reduced blood 

glucose levels in diabetic rats for more than 100 days {Brown et al, 1986b). These 

coated matrices had a small aperture on a single surface of the matrix, such that 

constant drug release was achieved. The variability in results observed, was thought 

to be a consequence of variations in the effectiveness of diabetes induction among the 

streptozotocin-induced diabetic rats.

Wang et al {1987) produced insulin/palmitic acid matrices by direct compression. 

They abandoned the in vitro study as only 10|j,g had been released after 1 month from 

implants containing 5mg of insulin. In vivo they showed a reduction in blood glucose 

levels for w38days using 25mg implants of 20% loading, which were gradually 

eroded.

The suitability of other fatty acids, their anhydrides and glycerides, as components in 

implantable matrices was assessed in vivo {Wang, 1989). Palmitic acid and stearic 

acid showed promising results. However, using stearic acid, a drug loading of 30% 

was required to produce equivalent results to those observed using palmitic acid 

systems of 20% drug loading. After one month in vivo, matrices were slightly eroded, 

as defined by rounding of the matrix edges.

Wang {1991) reported comparable release fi"om 20% drug loaded implants of 25mg 

weight, which were segments of a 13mm matrix, and 3mm rod-shaped devices of 

equivalent mass. The implants had a service life of between 42-56 days and the fatty 

acid components were eroded subcutaneously by 34-53% in 33 days.
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In Chapter 4, greater benzoic acid release was obtained from palmitic acid matrices 

relative to stearic acid systems, similar to findings reported by Wang {1989) and 

Kaewvichit {1994). As in vitro studies demonstrated, and in agreement with the 

Cobby equation {Equation 2.5), the effect of reducing ro causes a proportionate 

increase in Kr. Therefore, a higher rate of release would be expected from 3 mm 

stearic acid implants of surface area 0.264cm^ relative to Wang’s 25mg implants of 

0.603cm^ surface area, from which lOiag was released after one month dissolution.

Wang {1991) stated that serum insulin levels, following implantation with matrices 

containing bovine insulin were 10-100 times greater than the values expected. He 

attributed the falsely high insulin levels, to interference between antibodies and the 

radioimmunoassay method.

Muranushi et al {1993) compared blood glucose levels in normal and diabetic rats 

following the administration of insulin in the presence of absorption enhancers. 

While the primary drop in blood glucose levels was similar for both sets of animals 

the effect was prolonged in diabetic rats relative to normal rats. In normal rats the 

lowest blood glucose reading was observed after »20min, with normoglycaemia 

restored within 2hr. In contrast, in diabetic rats the peak effect was seen at 2hr, with 

hypoglycaemia still evident after 6hr. This represents an 18-fold increase in duration 

of hypoglycaemia, in diabetic rats relative to normal rats.

In the current chapter it was planned to use normal rats and to monitor blood glucose 

and more importantly human insulin levels. Because of the wide availability of assay 

methods for insulin, it is a usefiil model polypeptide for formulation evaluation.

Implantable fatty acid systems offer a significant advantage over nondegradable 

systems because they are enzymatically degraded and absorbed by the body, obviating 

the need for surgical removal.
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8.2 IN VITRO RELEASE OF INSULIN

Compacts of 3mm diameter were produced from bovine insulin and pure grade stearic 

acid (SAP). The discs obtained weighed lOmg on average and contained 10%, 20% 

or 30% drug. Release studies were performed in phosphate buffer pH 7.4 at 37°C and 

showed increasing release with increasing drug loading {Figure 8.1).
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Figure 8.1 Release from 3mm SAP compacts of 10% (♦) and 20% (■) w/w insulin 

loading fitted to Equation 2.20 (Higiichi) and 30% ( A )  insulin loading fitted to 

Equation 2.21 {^intercept).

The amount of drug released after 5hr, increased by a factor of approximately 3 on 

increasing drug loading from 10% to 20%, and was 9 times higher for systems of 

30%, relative to 10% systems.

Data fitted to Equation 2.20 (Higuchi) and Equation 2.21 intercept) are illustrated 

in Figure 8.1. For systems of 30% drug loading Equation 2.21 yielded better fits. 

Average MSC values obtained were equivalent when the Higuchi equation and the 

Cobby equation {Equation 2.23) were employed for data fitting purposes. The 

Higuchi equation was employed as it has less parameters and fits were marginally 

better than for Cobby equation {Appendix XT). Estimates of k increased with 

increasing drug loading {Table 8.1). The release rate constant increased by a factor of 

2.8 on increasing drug loading from 10% to 20% and by a factor of «8 when the
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loading was increased from 10% to 30%, consistent with 3 and 9-fold differences in 

the amount of drug released after 5hr, respectively.

Table 8.1 Estimates of k and related statistics for release from 3mm compacts of SAP 

of 10% and 20% w/w insulin loading, fitted to Equation 2.20 {Higtichi) and 30% 

systems fitted to Eqiiation 2.21 intercepl)^.

Parameters 10% 20% 30%o‘

k(g/cm^ min^^) 2.38x10'' 6.83x10'" 19.0x1 O'"

SD for k 8.86E'^ 1.19E'^ 5.38E'^

c(g/cm^) — — -1.4x10'^

SD for c — — 5.37E''

SS 7,03E'^ 1.26E'** 7.02E'^

0.987 0.997 0.998

MSC 2,94 4.46 4.67

The effect of adding lactose, as a soluble filler, was investigated {Figure 8.2). As 

with 13mm benzoic acid systems, the inclusion of lactose promoted greater release. 

For compacts of 10% insulin the addition of 10%-20% lactose yielded a similar 

increase in the amount of drug released, while at 50% lactose much greater release 

was seen. Again, the Higuchi equation {Equation 2.20) was demonstrated as yielding 

a better fit to the data than the Cobby equation {Equation 2.23), as estimates of the 

sum of squares were «1000 times higher with the latter equation {Figure 8.2, 

Appendix IX). The release rate constant, k, increased by a factor of «2 or 5 on adding 

10%-20% or 50% lactose, respectively {Table 8.2). Comparable enhancements in the 

release rate constant, on the addition of lactose, were seen in 13 mm compacts of 

benzoic acid and SAR, as shown previously {Section 5.3).
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Figure 8,2 Dmg release from SAP compacts of 10% w/w insulin loading and a 

lactose content of 0% (♦), 10% (■), 20% ( A )  and 50% w/w (•)  fitted to Equation 

2.20 (Higiichi).

Table 8.2 Estimates of k and statistics for release data from SAP compacts of 10% 

w/w insulin and a lactose content from 0-50% w/w, fitted to the Higiichi equation 

{Equation 2.20).

Parameters 0% 10%> 20% 50%
/  /  2  ; • O.b \k(g cm mm ) 2.38x10'^ 4.84x10'' 4.64x10'' 12.0x10''

SD for k 8.86E-’ 5.03E'^ 2,66E'^ 17.3E'^

SS 7.03E'^ 2.27E’̂ 6.34E'*“ 2.66E'*

r^ 0.987 0.999 0.999 0,998

MSC 2.94 5.62 6.72 4.89

Drug release from compacts of 20% insulin was also investigated, with increasing 

lactose content {Figure 8.3). Matrices were also prepared with 40% lactose but 

release profiles are not included in Figure 8.3 as all of these discs (n=3) disintegrated.

As for 10% insulin systems, estimates of the sum of squares were much lower for data 

fitted to the Higuchi equation relative to the Cobby equation, indicative of a better fit 

to the former equation {Appendix IX). The amount of drug released was shown to 

increase on addition of lactose, more so for systems of 20% lactose, than for 10% 

lactose systems.
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Figure 8.3 Dmg release from SAP compacts o f 20% w/w insulin and a lactose 

content of 0% (♦), 10% (■) and 20% w/w (A) fitted to the Higiichi equation 

{Equation 2.20).

Relative to compacts o f 20% insulin loading, the release rate constant increased by a 

factor o f 1.5 or 2.9 on adding 10% or 20% lactose, respectively {Table 8.3). This 

demonstrates the usefulness of soluble filler in altering drug release without changing 

the release mechanism, so enabling the formulator to achieve the desired drug release. 

In this case doubling the lactose content from 10% to 20% also doubled the rate of 

release.

Table 8,3 Estimates o f k and statistics for release data o f 20% w/w insulin systems 

and a lactose content from 0-10% w/w, fitted to Higiichi equation {Equation 2.20) and 

20% w/w systems fitted to Equation 2.21 ( vf intercept)^.

Parameters 0% 10% 20%o
1 /  / ' O.b \k (g em mm ) 0.68x10''' 1.0x10'^ 2,0x10''*

SD for k 1.19E'^ 1.56E'^ 9,74E'^

c (g/cm^) — — 3,0x10-'*

SD for c — — 9,71E'^

SS 1.26E'* 2.17E'^ 2,29E'^

r^ 0.997 0,997 0,993

MSC 4.46 4.84 3,63

183



Chapter 8 ~ Insulin Release from Stearate Based Matrices

The release from 3mm systems of 20% benzoic acid and SAP, with both components 

of 63-125(im particle size, was measured under the same dissolution conditions. 

Fitted to the Higiichi equation, the release rate constant was calculated as 2.52x10 '* 

g/cm /̂min*^ .̂ This value was 3.7 times greater than k for 20% insulin. The change in 

k related to different values of Cs and Do, as well as particle size effects, as the 

average particle size of components in benzoic acid compacts was 7 greater than for 

insulin systems. As the diffusion coefficient is affected by molecular weight, it would 

be expected that the release rate of a higher molecular weight compound would be 

lower than of a small compound, such as benzoic acid.

A first order equation {Equation 2.17) was shown to describe release from systems of 

20% insulin and lactose {Figure 8.4). The mass of drug released at time infinity 

significantly increased in the presence of lactose, while the rate constant ki decreased 

with increasing lactose concentration {Table 8.4). The addition of lactose therefore 

alters the a/r ratio {F) such that more complete release is achieved than from 

compacts of equivalent drug loading, in the absence of lactose.
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Figure 8.4 Release data for SAP compacts of 20% w/w insulin and a lactose content 

of 0% (♦), 10% (■) and 20% w/w ( A )  lactose, fitted to Equation 2.17 (first order).
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Table 8.4 Parameters and statistics obtained for release data from SAP compacts of 

20% w/w insulin and a lactose content of 0-20% w/w, fitted to Equation 2.17(first 

order).

Parameters 0% 10% 20%

ki (miri‘) 13.1x10'^ 8.2x10'" 5.3x10'"

SD for kj 0.0014 0.0013 0.0005

Woo (mg) 0.299 0.479 1.05

SD fo r 0.0113 0.034 0.06

ss 0.0016 0.004 0.0031

0.996 0.993 0.999

MSC 3.79 3.53 5.19

8.3 IN VIVO RELEASE OF INSULIN 

8.3.1 Control Animals

Two sets o f animals constituted the control group. The first group served as untreated 

controls with blood samples taken, to monitor the effect of the sampling technique on 

insulin and blood glucose levels. The second group were given placebo implants 

composed o f SAP only.

Plasma insulin levels for placebo and untreated animals were similar; the average 

resting insulin level was a;51.2|j,U/ml {Figure 8.5). Similarly, blood glucose readings 

were not seen to differ significantly in placebo versus untreated animals {Figure 8.6). 

The implantation technique and the presence of the SAP implant did not therefore 

affect normal blood glucose regulatory control. It was important to establish that the 

implantation procedure did not stress the animals, which would result in an elevation 

of blood glucose levels as a consequence of endogenous adrenaline production.
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Figure 8.5 Plasma insulin levels in control Figure 8.6 Blood glucose levels in (♦) 

animals. untreated and (■) placebo control animals.

Placebo implants were removed at weekly intervals over a period of 7 weeks. 

Animals showed complete wound healing where the implant had been inserted. Visual 

examination of the implantation sites showed healthy tissue with no apparent 

inflammation. From 4 weeks onwards the implants were found to be encapsulated in 

the subcutaneous tissue {Appendix XII). Similar observations were reported by Mena 

et al {1980) and Goosen et al {1983) for ethyl-vinyl acetate matrices and albumin 

microbeads, respectively. This suggests that encapsulation is not determined by the 

composition of the system but, rather, the physical presence of the delivery device.

In animals where implants had been in place for 6 or 7 weeks there was evidence of 

increased blood flow to the area in the form of a vessel which appeared to be 

associated with the implant. While implants were still intact on removal, the matrix 

edges were slightly rounded showing signs of erosion. After one week no weight 

changes were recorded. Two weeks after implantation the weight of the matrix had 

decreased by 1.42% with subsequent decreases to 3.85% and 5.34% after 4 weeks and 

7 weeks, respectively. No measurable changes in matrix dimensions were seen.

Data was plotted in accordance with the Hixson-Crowell cube root law {Equation 

2.5). Figure 8.7 shows that the matrices were eroding in vivo at a slow rate. The rate 

constant was calculated as 0,0041mg‘̂ /̂week.
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Figure 8.7 The cube root of the weight of stearic acid (SAP) implants plotted against 

time spent in vivo.

8.3.2 Test Animals

In the primary study, animals were implanted with 3mm compacts of 20% human 

insulin and SAP, of lOmg average weight. With the combination of human insulin, 

which is more soluble than bovine insulin, and small matrix size, the amount o f drug 

released in vivo was expected to be greater than from Wang’s system. However, it was 

demonstrated (Muramishi el al, 1993) that normal rats tolerated a greater amount of 

insulin relative to diabetic rats, so the higher rate of release was not expected to have a 

detrimental effect on the animals.

Average plasma insulin levels (n=3) versus time are depicted in Figure 8.8. In all 

animals the peak insulin level appeared to have been reached within 90min. Beyond 

this time insulin levels were shown to return to normal values. The plasma levels 

observed suggest that the initial rate of insulin release was high.

The rise in plasma insulin was accompanied by a concurrent fall in blood glucose 

levels {Figure 8.8). The peak response appeared to occur at a similar time, close to 

90min. Insulin levels returned to normal resting values within «5hr, unlike blood 

glucose levels which were still low {Figure 8.9). Blood glucose samples had 

normalised by the time o f the subsequent sample, which was 24hr after implantation 

{Figure 8.8). Measurements after day 1, were recorded daily with values of plasma
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insulin and blood glucose remaining constant, at normal resting levels over a period of 

one week.
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Figure 8.8 Plasma insulin (♦ ) and blood glucose levels (■) in rats following 

administration of SAP implants containing 20% w/w insulin (n=3).
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Figure 8.9 Plasma insulin (♦ ) and blood glucose levels (■) in rats following 

administration o f SAP implants containing 20% w/w insulin (n=3) (an expanded scale 

of Figure 8.8).

It is stated that the half-life of insulin in plasma is no more than a few minutes, yet the 

biological effects of the hormone reach their maximum only after 2-4hr (Bowman & 

Rand, 1980). It is therefore possible that the effects seen were as a result o f an initial
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high rate of insulin release, which resulted in peak plasma insulin levels after »100 

minutes.

The plasma insulin levels observed were o f equivalent magnitude to those reported for 

normal rats during perfusion studies with insulin mixed micelle systems, formed using 

bile salts Lane {1997). Murarmshi et al {1993) reported plasma insulin levels in 

diabetic rats ranging from *900-1100jj,lJ/ml following insulin administration in the 

presence o f absorption enhancers. The effect o f insulin in lowering blood glucose 

levels, was more prolonged in diabetic rats relative to normal rats, in response to the 

same insulin dose. In view of these observations it was therefore assumed that non

diabetic rats would tolerate a higher dose.

8.3.2.1 Effect o f  Soluble Filler

Lactose is commonly used as an excipient in diabetic products without any adverse 

effects on blood glucose levels in diabetics. Common brands in which lactose is 

incorporated include Daonil® (Hoechst), Amyryl® (Hoechst), Glibenese® (Pfizer), 

and Diamicron® (Servier). In many o f these products the lactose content outweighs 

the drug content, for example a 140mg Amyryl tablet contains only 4mg drug with 

136mg lactose.

Implants o f 20% insulin and 20% lactose were used with the aim of promoting a 

higher matrix controlled release rate, thereby maintaining high plasma insulin levels 

for a longer time period {Figure 8.10). In vitro, the release rate constant for systems 

of 20% insulin and 20% lactose was 2.9 times greater than for systems o f insulin 

alone {Table 8.3). As the release profiles for the first 45 minutes o f dissolution, 

overlapped for these systems, it was hoped that the initial drug burst would cause an 

insulin peak which would then be sustained by a higher rate of release than for 

implants without lactose {Figure 8.3).

Unfortunately this increased release rate proved too severe for the animals, resulting 

in death within 3hr. Plasma insulin levels rose from resting levels o f »50^U/ml to 

between 4000-6000|j.U/ml, while blood glucose levels fell to below 2mmol/l. It was 

evident that the counter-regulatory mechanisms in vivo were not able to adjust to the 

increased rate of insulin release.
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Figure 8.10 Plasma insulin (♦ ) and blood glucose levels (■) in response to SAP 

implants containing 20% w/w insulin and 20% w/w lactose (n=3).

Results so far, suggested that the desired dose lay between the dose provided by 

implants of 20% insulin and those with the addition of 20% lactose. The natural 

choice was to produce implants of 20% insulin and 10% lactose, hi vitro, these 

systems yielded a k value «1.5 times greater than for lactose-free systems {Table 8.3). 

As before, the aim was to extend the effect of the implant without adversely affecting 

the animals.

However, the animals did not survive this insulin dose and death for 2 animals had 

resulted within 2hr, the last one surviving for a further hour {Figure 8.11).
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Figure 8.11 Average plasma insulin (♦ ) and blood glucose (■) levels in response to 

SAP implants containing 20% w/w insulin and 10% w/w lactose (n=3).

The average results for the implants tested are depicted in Figure 8.12 and Figure 

8.13. The peak plasma insulin levels were compared, and for implants containing 

10% or 20% lactose the value was approximately 2.8 or 5.6 times greater respectively, 

than for implants of insulin alone, respectively.
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Figure 8.12 Average plasma insulin levels in response to SAP implants containing 

20% w/w insulin and a lactose content o f 0% (♦ ), 10% (■) and 20% w/w ( A )  (n=3).

The fractional glucose response o f the rats to the various implants was determined 

(Figure 8.13). A general trend was evident whereby the largest decrease in fractional 

glucose response occurred up to 50min after implantation.
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Figure 8.13 Mean fractional blood glucose response o f  rats to SAP implants 

containing 20% w/w insulin and a lactose content o f 0% (♦ ), 10% (■) and 20% w/w

( A ) .

Figure 8.14  shows fractional glucose response plotted against plasma insulin level. It 

is difficult to correlate plasma insulin level with death as values range from «1000- 

6400jj.U/ml, The fractional glucose response appears to be a better indicator o f 

fatality with values below «0,2, resulting in death.
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Figure 8.14 Fractional glucose response versus plasma insulin levels following 

implantation o f SAP compacts containing 20% insulin and a lactose content o f  0% 

(♦ ) , 10%(«) and 20% w/w ( A ) ,  where T indicates animal death.
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In vitro, the rate of insulin release varied in 3mm compacts of 20% insulin of 0% 

lactose and those containing 10% or 20% lactose by a factor of «1.5 and 2.9, 

respectively. The steep exponential fall in the in vitro rate of release during the first 

50min, appeared to correspond with the rise in plasma insulin levels {Figure 8.12 & 

Figure 8.15) for each system. Beyond this time, the change in the in vitro rate of 

release was minimal, while plasma insulin levels returned to resting values. This 

suggests that the release kinetics of the implants in vitro show a similar trend to 

plasma insulin profiles in vivo.
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Figure 8.15 In vitro rate of release from SAP implants containing 20% w/w insulin 

and a lactose content of 0% (♦), 10% (■) and 20% w/w (A) .

It was clear from this study that insulin release from 20% loaded SAP compacts was 

effective in reducing blood glucose levels, but failed to sustain low levels. When 

lactose in concentrations of 10-20% was added, insulin was delivered at too high a 

rate.

A linear relationship was demonstrated between log peak plasma insulin level and 

death time {Figure 8.16). This suggests that for animals that died, the lower the peak 

plasma insulin level, the longer survival time for the animal. The peak level was 

reached within an hour and for lactose systems, was obviously at too high a rate for 

animals to tolerate. With respect to blood glucose levels, death occurred when the 

level fell below 1.8mmol/l on average.
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Figure 8.16 Log peak plasma insulin level versus death time.

It was more difficult to obtain the accurate weight of insulin discs following removal 

as there was a lot of tissue associated with the implants. Relative to placebo implants, 

these systems were more fragile and the removal of tissue often damaged the implant. 

Visible signs of erosion were more pronounced for implants removed after 1, 2 and 3 

weeks from animals that tolerated the insulin dose, than for placebo systems. 

Presumably the more noticeable changes in insulin implants, relative to placebo 

implants were a reflection of drug loss fi'om these systems.

The predicted in vivo insulin levels were simulated using the in vitro first order rate 

constant, along with other relevant pharmacokinetic parameters, previously 

determined for human insulin in rats {Lane, 1997) {Figure 8.17). A two compartment 

open model with first order absorption was used and is listed in detail in Appendix 

XIII.

At early time points (<50min) release was much lower than predicted by the model, 

while later release for all systems, seemed to be in better agreement with the predicted 

release. Average plasma insulin data for all test animals, was fitted to a two- 

compartment open model with first order absorption, with {Model II) and without a 

lagtime {Model I) {Figure 8.18) {Appendix XI). The fitted lines shown in Figure 8.18 

represent the best fits for the data.
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Figure 8.17 Plasma insulin levels obtained in rats following implantation o f SAP 

compacts containing 20% insulin with a lactose content of 0% (♦ ), 10% (■) and 20% 

w/w ( A ) ,  with the predicted levels using model 1, as indicated by the smooth line of 

corresponding colour (n=3).
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Figure 8.18 Plasma insulin levels in response to SAP compacts of 20% w/w insulin 

and a lactose content o f 0% (♦)*, 10% (b)^ and 20% w/w(A)^, fitted to Model /  and 

Model i f .

The data for systems of 0% and 20% lactose was in better agreement with the 

pharmacokinetic models, than data for 10% lactose systems. The lag times for 

systems o f 10% and 20% lactose were close in value. Obviously the goodness of fit 

for lactose systems was affected by the limited amount of data collected.
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An exponential relationship between in vitro and in vivo values of the first order 

release rate constant, kj was revealed.
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Figure 8.19 Values o f ki from in vivo studies, plotted against, ki for in vitro studies, 

for SAP implants o f 20% w/w insulin and a lactose content o f 0-20% w/w.

Insulin levels and blood glucose values for each animal used in the in vivo study are 

listed in Appendix XIV.

8.4 CONCLUSIONS

The rate and amount of insulin released after 5hr, increased with increasing loading. 

Release data for systems of 10%, 20% and 30% insulin was described by the Higuchi 

equation {Equation 2.20) and also showed good agreement with a first order model 

{Equation 2.17). The inclusion of lactose promoted more complete release from these 

systems. However, the addition o f 40% lactose in systems of 20% insulin caused 

matrix disintegration within 2hr. In systems of 10% and 20% insulin the inclusion of 

lactose increased the rate o f release by a factor of between 1.3 and 3 ,6, respectively.

The implantation and blood sampling technique showed no significant effect on 

plasma insulin or blood glucose levels. No major histological changes were seen in 

animals in which a placebo implant had been in place for up to seven weeks. In 

response to insulin implants, all animals showed a simuhaneous rise in plasma insulin 

level and concurrent fall in blood glucose levels. Only implants o f 20% insulin
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released a non fatal dose of insulin in animals. The duration of action from these 

systems, however, was short-lived, with insulin levels returning to resting values after 

=ti4hr. Plasma levels in 20% insulin systems containing 20% lactose rose from resting 

levels to values approximately 100 times greater. This sharp rise in insulin levels was 

not tolerated by the animals and resulted in death within a few hours.

Data for 20% insulin systems with a lactose content o f 0-20%, appeared to be lower 

than predicted by the pharmacokinetic two compartment open model, using in vitro 

parameters to simulate the release. On fitting the in vivo plasma insulin levels to 

models /  and II, values o f kj were calculated which were exponentially related to 

values of ki determined from in vitro studies. A fijrther relationship was defined 

where log peak plasma insulin level was linearly related to death time in rats.

This study demonstrated the ability of an insulin/SAP compact to reduce blood 

glucose levels. The systems are easily manufactured and do not require vigorous 

toxicity testing, as SAP is a natural substance (Wang, 1987 & 1989). Resuhs show 

that the biological effect o f insulin was maintained, implying that compaction did not 

result in loss of integrity of the polypeptide. Biodegradation of the implant was 

observed, suggesting that the implant would ultimately be eroded with time.
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9.1 INTRODUCTION

The suitability of fatty acids, in particular, stearic acid, as matrix-forming carrier 

materials were investigated in the course of this thesis. Drug release in vitro from a 

range of systems was examined and the influence of drug type, formulation and 

processing variables on release was ascertained. As a first approximation, release 

data was described by Higiichi kinetics, however, parameters not included in the 

Higuchi equation, such as carrier melting point, component particle size, surface drug, 

percolation threshold and ionic interactions also impact on the drug release profile.

9.2 RELEASE STUDIES 

9.2.1 Effect o f Drug Type

Release of five different drugs fi'om stearic acid matrices was examined in the course 

of this work. The drug compounds used can be classified as acidic drug, basic drug 

and their corresponding salt forms, and insulin as a model polypeptide. The different 

physicochemical properties of the drugs are reflected in the release profiles shown in 

Figure 9.1. Increased release fi'om the salt form of the drug, relative to the acid or 

base form, was expected, due to the higher solubility of the salt forms. Release fi'om 

3mm compacts containing benzoic acid, are shown for comparison with insulin 

loaded compacts of equivalent size.

Data was in good agreement with the Higuchi equation as reflected by linear plots 

when the amount released per unit exposed surface area {Q) was plotted However, 

with compacts containing procaine base, procaine hydrochloride and sodium 

benzoate, initial drug release plotted against vf, deviated fi'om linearity. Deviation 

from kinetics, at early time points, was previously observed by Schwartz et al 

{1968), for sulphanilamide release from matrices of propylene glycol monostearate: 

hydrogenated castor oil (1:1). The deviation was attributed to the release of surface 

drug, which preceded matrix controlled release. Release data was therefore fitted to 

Equation 2.32 which combines contributions from both surface dissolution-mediated 

and matrix controlled release. Release profiles in Figure 9.1 show data fitted to
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Equation 2.32, with corresponding parameter estimates and statistics listed in Table 

9 .1 {Page 200). Fitted lines for 3mm systems are displayed as dashed lines.

0.5

0.45 -

■a 0.35 
0>
(A

S 0.3
0)w
c  0.25 - 
o

— ;(

0.05 -

0 20 60 80 100 120 140 160 18040

Time (min)

Figure 9.1 Release from 13mm SAR matrices of 20% w/w drug loading containing 

benzoic acid (♦),procaine base (■), procaine hydrochloride ( A )  and sodium benzoate 

( • ) ,  and release from 3mm SAP compacts containing 20% w/w insulin (x) and 3mm 

SAR compacts containing 20% w/w benzoic acid (+), fitted to Equation 2.32 (burst 

Cobby).

Estimates fboo (fraction released by burst at infinity) and Kr {Cobby release rate 

constant), were higher for 3mm benzoic acid compacts, than for insulin systems. This 

can be attributed to different values of Cs (solubility) and Do (diffusion coefficient), 

for the two drugs, and perhaps also to likely variations in the density.

The fraction released by burst for 3mm benzoic acid compacts was twice the value 

estimated for equivalent compacts o f 13mm diameter. Kr was 4.33 times higher for 

the smaller compacts, consistent with the theoretical value.

For both benzoic acid and procaine systems, estimates o f f b ^  and Kr were higher for 

the respective salt form of the drug. Based on the release rate constant, for 

sodium benzoate systems, was expected to be 6 times higher than the value 

determined for systems containing benzoic acid. Actual values differed by a factor of 

1.4. The reported pKa values for benzoic acid and stearic acid are 4.03 {Ramtoola,
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1989) and 4.8 (Cistola et al, 1982, M ead et al, 1986), respectively, indicating that at 

pH 7.4 both components are predominantly ionised. If ion exchange occurs in sodium 

benzoate systems, benzoic acid will be formed, which may account for the deviation 

of theoretical Kr, to a lower estimate. As sodium ions were present in the buffer it is 

also possible that sodium benzoate may have formed in compacts containing benzoic 

acid. However the presence of sodium ions was shown to influence changes in the 

morphology of SAR compacts, even in 0. IN HCl at pH 1, when sodium benzoate was 

the model drug. This suggests that free N a' were interacting with stearic acid to form 

sodium salt.

Table 9.1 Parameters and statistics obtained for fitting release data from 13mm SAR 

matrices o f 20% w/w drug loading containing benzoic acid (BA), procaine base (PB), 

procaine hydrochloride (PHCL) and sodium benzoate (SB), and release from 3 mm 

SAP compacts containing 20% w/w insulin (3mm insulin) and 3mm SAR compacts 

containing 20% w/w benzoic acid (3mm BA), to Equation 2.32 {burst Cobby).

Parameters 3mm

Insulin

3mm

BA

13mm

BA

13 mm

SB

13mm

PB

13mm

PHCl

Kr 1.7xl0‘" 7.8xl0'" 1.8x10'" 2.5x10'" 1.3x10'^ 2.6x10'"

SD fo r  Kr llE '^ 54E‘̂ 9.35E'^ 4.68E‘̂ 3.2E‘̂ 5.8E'^

,fboo 0.048 0.162 0.072 0.136 0.116 0.132

SD for fboo 0.007 0.041 0.02 0.0062 0.006 0.009

kb (miri^) 0.017 0.009 0.016 0.0847 0.032 0.038

SD fo r  kb 0.001 0.001 0.002 0.0068 0.002 0.004

SS 1.5E'^ 3.5E'^ 0.0009 0.0003 4.0^^* I.IE'^

0.999 0.995 0.996 0.999 0.999 0.995

MSC 6.92 5.05 5.56 6.49 6.99 4.99

9.2.2 Effect o f Carrier Type

Six different carrier materials were investigated in the course o f the work. It was 

assumed that insoluble fatty acids, with a melting point in excess o f 37°C, would 

behave as inert matrix forming materials. Release from these “inert” devices was 

expected to be dictated by the physicochemical properties o f the drug. Contrary to
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this expectation, release of benzoic acid was shown to be affected by the carrier 

material, implying instead that the fatty acids employed, were not strictly inert 

{Figure 9.2). After the 3hr dissolution period, the fraction released from pure grade 

stearic acid (SAP) systems was 4.2 and 5.3 times less than the drug released from 

compacts of reagent grade stearic acid (SAR) and a 50:50 physical mix of sodium 

stearate and SAR, respectively. This highlights the significant effect of fatty acid type 

on drug release.
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Figure 9.2 Release profiles for compacts containing 20% w/w benzoic acid, using 

pure grade stearic acid (SAP) (♦), palmitic acid (PA) (■), stearic-palmitic acid (SPA) 

(A ) ,  stearic acid reagent grade (SAR) ( • ) ,  sodium stearate (NaS) (x) or a 50:50 

physical mix of sodium stearate and stearic acid reagent grade (NaS: SAR) (+), as the 

carrier material.

The quantity of drug released, increased in the order SAP< PA< SPA< SAR< NaS< 

NaS:SAR, All release data was consistent with yi kinetics, but improved fits were 

obtained using Equation 2.32 (hurst Cobby), especially for compacts with higher 

melting points (SAP and PA).

The fraction released by burst, and Kr were affected by the fatty acid employed 

{Table 9.2). Data for NaS systems was in better agreement with the Cobby equation 

{Equation 2.23) and yielded the highest estimate of Kr, as drug was released only by a 

yi diffusion mechanism.
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Table 9.2 Parameters and statistics obtained for benzoic acid release from 20% w/w 

benzoic acid loaded systems of pure grade stearic acid (SAP), palmitic acid (PA), 

stearic-palmitic acid (SPA), stearic acid reagent grade (SAR), and a 50:50 physical 

mix of sodium stearate and stearic acid reagent grade (NaS:SAR), fitted to Equation 

2.32 {burst Cobby) and release from sodium stearate (NaS) systems fitted to Equation 

2.23 (Cobby).

Parameters SAP PA SPA‘ SAR NaS:SAR NaS

Kr (rrtiri'̂  ̂ ) 1.9x10'^ 7.4x10'“* 9.6x10"* 15.5x10'^ 16.8x10'^ 20.0x10'^

SD for Kr 2.01E'^ 1.98E'^ 3.64E'^ l.SOE'^ 5.22E'^ 2.98E'^

f h c o 0.039 0.037 0.068 0,086 0,169 —

SDfor fbac 0.003 0.003 0.005 0.030 0.008 —

kh (m in‘) 0.053 0.057 0.061 0.012 0,013 —

SD for kb 0.0079 0.0096 0.0057 0.0020 0,0003 —

SS 2.0E'^ 2.4E'^ 9.4E'^ 4.8E'^ 3,3E'^ 2.9E'^

r 0.986 0.996 0.997 0.996 0,999 0.979

MSC 3.52 5.14 5.92 5.19 8.29 3.74

Values relate to 3hr dissolution as opposed to 5hr for other systems.

Disregarding systems containing sodium stearate, an inverse relationship between Kr 

and the melting point of the fatty acid was evident {Figure 9.3). Kaewvichit {1994) 

noted a similar trend between the release rate constant and the number of carbons in 

the fatty acid chain, for bovine serum albumin release from matrices of myristic acid 

(Cm), palmitic acid (Cie) and stearic acid (Cis). The Cobby release rate constant was 

estimated for this data and was plotted against the melting point {Figure 9.4). For 

both drug systems the relationship was approximately linear.
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Figure 9.3 Melting point versus Kr for Figure 9.4 Melting point versus Kr for 

20% w/w drug loaded benzoic acid/fatty 20% w/w drug loaded bovine serum

acid compacts. albumin/fatty acid compacts {Kaewvichit, 

1994).

This data suggests that fatty acids with lower crystal energy facilitate easier release. 

The heat of fusion {/SBf) was determined as 220.4Jg'*, 202.48Jg ', 189.95Jg ' and 

288,64Jg ' for SAP, PA, SAR and SPA, respectively. Except for SPA systems, there 

was an apparent decrease in the energy required to enable melting, with decreasing 

mehing point of the fatty acid.

In addition to differences in crystal energy, it is also possible that the physical 

properties o f the powders, such as particle shape and surface appearance, affect 

packing, which will ultimately alter the estimates of the formation {F), the formation 

factor {Table 9.3). High estimates of F  correlated to low dmg release, consistent with 

the matrix providing a greater resistance to drug release. SEM analysis of myristic 

acid compacts before dissolution, by Kaewvichit {1994), revealed that there were 

cracks in the matrix surface. Drug release from these systems which was 

predominantly by a surface burst was considered to be related to the discontinuity in 

the matrix surface, which was thought to result incomplete o f myristic acid particles 

under compression.
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Table 9.3 Estimates of the formation factor F, determined from Kr values as listed in 

Table 9.2 for 20% w/w benzoic acid loaded compacts prepared from pure grade 

stearic acid (SAP), palmitic acid (PA), stearic-palmitic acid (SPA) and stearic acid 

reagent grade (SAR).

SAP PA SPA SAR

F 0.0002 0.0028 0.0047 0.0120

Melting point ( X") 67.33 62.40 55.13 54.98

Even though the difference in onset o f mehing between SAR and SPA is only 0.15°C, 

the ^  release rate constants varied by a factor of 1.6. The enhanced release from 

SAR systems, relative to the other matrix materials tested, has been linked to a change 

in SAR, in the presence o f sodium ions. Both DSC scans and XRD traces were 

altered, relative to the starting material, consistent with visual differences observed. 

These changes were observed following immersion o f SAR compacts in phosphate 

buffer (pH 7.4), or alternatively in SAR compacts containing sodium benzoate, 

following dissolution in 0. IN HCl (pH 1). XRD traces showed an additional peak at 

23 20 degrees, which was characteristic o f sodium soap formation, while DSC scans 

showed a second endotherm at a higher temperature than the onset of melting of SAR. 

The DSC scans obtained for SAR systems after dissolution, most closely resembled 

those obtained for a 50; 50 physical mix o f sodium stearate and stearic acid, before 

dissolution. FTIR spectroscopy revealed that the compact surface, after dissolution, 

was composed of acid-soap, as two carboxyl peaks were identified, corresponding to 

stretches o f the carboxylic acid group and the carboxylate ion, in support o f DSC 

studies. It is probable that the fatty acids o f lower molecular weight and unsaturated 

derivatives of longer chain fatty acids, contained in SAR, form soaps and acid-soaps 

more readily than saturated Ci6 and Ci8 acids. The leaching o f these more soluble 

components results in a more porous matrix. Additionally, increases in height and 

diameter were measured for many SAR systems, suggestive of swelling, a known 

property o f  soaps, again implying that a more porous matrix results. The changes 

witnessed support the enhanced release from SAR systems, relative to other fatty 

acids tested. The formation of acid-soap on the matrix surface encourages greater 

drug release as it is more hydrophilic than fatty acids. Hydration o f the acid-soap, as
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observed by swelling of the matrix, results in a more porous matrix, which further 

enhances the amount of drug released.

Matrix dimensions, XRD traces and DSC scans for SAP and PA systems did not 

change with dissolution. In view of the chemistry of fatty acids, similar changes 

would be predicted for SAP and PA systems. However, it is likely that changes 

would be observed if the dissolution period was extended. SEM studies were 

consistent with this hypothesis, whereby the surface texture of drug-free SAP 

compacts appeared less smooth after dissolution {Figure 6.25 & 6.27). The extent of 

change was presumably too minor to be detected by the characterisation techniques 

employed.

Robson et al {1999) investigated the release of cefuroxime axetil from stearic acid 

microspheres (stearic acid B.P.) in the presence of different dissolution media. The 

rate of drug release was shown to be affected by the dissolution medium used, with 

release in distilled water (pH 6.8) and Sorensens buffer pH 5.9, suggestive of vf 

diffusion kinetics, while in pH 7 and pH 8 buffer medium, release was much higher 

and deviated from control. Release from the systems in pH 7 and pH 8 medium 

was thought to involve a second release mechanism, in addition to release. As the 

physical integrity of spheres was lost, following dissolution in pH 7 and pH 8 

medium, the enhanced release from these systems was considered to be linked to 

matrix disintegration. Further studies were performed in different buffers at a single 

pH level {Robson et al, 2000). The inclusion of sodium ions in the medium was 

deemed to be influential on this change, though the actual mechanism of interaction 

was not defined. Evidence suggested that the change in stearic acid behaviour was 

reliant upon the presence of sodium ions in the buffer medium, as well as a neutral- 

alkali pH. At pH 8, the loss of physical integrity of microspheres was more 

pronounced, than at pH 7 or pH 5.9.

The diffraction pattern observed for cefuroxime axetil microspheres before 

dissolution, was not comparable to the pattern obtained following dissolution in buffer 

at pH 7 and at pH 8 {Robson, 1998). The latter pattern was composed of a large 

number of thin, sharp peaks, defined as being indicative of inorganic material, though 

no suggestions were offered as to the identity of the materials involved. The presence 

of sodium ions was deemed to be essential for these changes, however, the
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relationship between the sodium ion concentration and resultant drug release was not 

fully understood. DSC analysis provided similar evidence to the current work, 

whereby a second endotherm was observed which increased in size and melt 

temperature with increasing time of exposure to the buffer. As the DSC scan for 

sodium stearate was different to those obtained for microspheres after dissolution, its 

formation during dissolution was disregarded, by the author. Gas chromatography 

studies provided evidence that the changes observed, were not only a result of 

leaching of minor components, as samples after dissolution would not dissolve in 

tetrahydrofijran, a solvent, in which fatty acids are soluble. The author concludes that 

the formation of acid-soaps is a distinct possibility, though no direct evidence was 

provided.

A significant finding of the current work, was that SAR appeared to form acid-soap in 

the presence of sodium ions with evidence provided using XRD, DSC and FTIR 

techniques. Subsequently 1:1 acid-soaps were prepared from palmitic acid and stearic 

acid and their corresponding sodium soaps. DSC traces are shown in Figure 9.5. 

Also included are scans obtained, for drug-free SAR compacts and 20% benzoic acid 

loaded compacts prepared from a 50:50 physical mix of sodium stearate and stearic 

acid, after dissolution in phosphate buffer pH 7.4.

With acid-soaps, a double endotherm is observed. Temperatures for onset of melting 

of the two peaks are slightly higher for stearic acid-sodium stearate acid-soap 

(82.41°C, 102.86°C), than for palmitic acid-sodium palmitate acid-soap (75.65°C, 

90.23°C). This trend may suggest that the acid-soap formed, SAR systems, is 

composed of fatty acids of a lower melting point than either palmitic acid or stearic 

acid, as SAR and NaS:SAR compacts studied after dissolution, melted at much lower 

temperatures. In view of the composition of SAR it may be the palmitic acid-stearic 

acid eutectic mix, which melts at a temperature «10°C below the melting point of the 

individual acids, that is forming the acid-soap. The possible structure of this palmitic 

acid -stearic acid intimate mix was shown in Figure 1.2. Alternatively the DSC scan 

may reflect the mehing profile of mixed acid-soaps forming from the various fatty 

acid components in SAR. This may serve to explain the differences in acid-soaps 

prepared {a & h), and SAR (c) and NaS:SAR (d) compacts, which displayed 

endotherms at lower temperatures (55°C, 68°C).
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Figure 9.5 DSC scans for (a) 1:1 palmitic acid-sodium palmitate acid-soap, (b) 1:1 

stearic acid-sodium stearate acid-soap, (c) drug-free SAR compacts after 15hr 

dissolution in phosphate buffer pH 7.4 and (d) 20% w/w benzoic acid compacts with a 

50:50 physical mix o f sodium stearate and stearic acid constituting the matrix 

material, after 3hr dissolution in phosphate buffer pH 7.4 (NaS:SAR).

The acid-soaps o f palmitic acid and stearic acid were also characterised by XRD. 

Included with X-ray patterns for the acid soaps in Figure 9.6, is the trace for 20% 

benzoic acid systems where the carrier material is a 50:50 mix o f sodium stearate and 

stearic acid. X-ray patterns for systems (c) and (d), as defined in Figure 9.6, before 

dissolution are shown previously in Figure 6.20 and Figure 6.4, respectively. For all 

systems shown in Figure 9.6, multiple intense peaks are evident between 20 and 25 

20 degrees, while minor peaks occurred at »5 and 10 20 degrees for all systems. X- 

ray patterns for acid-soaps and those for NaS:SAR systems were particularly similar.

In the light of these findings dissolution data for SAR compacts can be interpreted. 

SAR systems and NaS:SAR systems appear to form acid-soap and released higher 

amounts o f drug than any o f the other carriers tested. Release was highest fi'om 

NaS SAR systems, which presumably formed the acid-soap more readily, as sodium 

stearate was already present in these systems.
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Figure 9.6 X-ray traces for (a) 1:1 palmitic acid-sodium palmitate acid-soap, (b) 1:1 

stearic acid-sodium stearate acid-soap, (c) 20% w/w benzoic acid systems with a 

50:50 physical mix of sodium stearate and stearic acid constituting the matrix 

material, after 3hr dissolution in phosphate buffer pH 7.4 and (d) drug-free SAR 

compacts after 15hr dissolution in phosphate buffer pH 7.4.

Small {1988) reports that acid-soap systems swell more than the sodium soap itself, 

forming various liquid crystalline phases, such as lamellar and hexagonal crystalline 

phases. Matrix dimensions for all SAR systems increased following dissolution in 

phosphate buffer pH 7.4. When sodium stearate was used as the carrier, and 

especially for NaS:SAR systems the relative change in height was greater. With 

increasing volume of the matrix, a less dense/more porous structure results, which 

facilitates enhanced drug release.

Assuming that SAR is ionised during dissolution and is undergoing changes, the 

effect of the drug on these changes may be significant. Visibly noticeable differences 

in compact appearance were evident following dissolution, for systems of SAR and 

procaine hydrochloride {Figure 6.16). Height and diameter increases, in these 

systems, were more pronounced than for other SAR compacts of 20% drug loading. 

Previous authors {Ahougela & Grant, 1979, Grant & Ahougela, 1981, Yokoyama et 

al, 1993a & b) report the formation of drug-fatty acid complexes. Griseofulvin, 3- 

aminopyridine and nicotinamide were thought to form inclusion compounds with fatty 

acids. In these compounds van der Waals forces are thought to be operating. If
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similar forces are operating in procaine hydrochloride systems, then the release 

mechanism is further complicated.

9.2.3 Effect o f Particle Size and Soluble Filler

The effect of particle size was investigated at three levels (a) 0-63nm, (b) 63-125|j,m 

and (c) 250-500|j.m, in SAR compacts containing 20% and 80% w/w benzoic acid. In 

all systems the particle size of drug and carrier was equivalent.

Release data was fitted to Equation 2.32 {hurst Cohhy) {Table 9.4). Estimates of/Z>co 

and Kr increased with increasing particle size and were higher at 80% drug loading 

than at 20% loading.

Table 9.4 Parameter estimates and statistics obtained from fitting release data for 

SAR compacts of 20% or 80% w/w benzoic acid loading, with both components of 

particle size (a) 0-63(j,m, (b) 63-125|o,m and (c) 250-500|j,m, to Equation 2.32 {burst 

Cobby).

Parameters 20% drug loading 80% drug loading

a b c a b c

Kr (min'^^) l.lxlO'-* 1.6x10'^ 2.0x10’" 2.5x10'" 3,7x10'" 8,3x10'"

SDforKr 7.9E'^ 18E'^ 3.8E'^ 2.0E'^ 2,0E'^ 6,6E'^

,fbao 0.085 0.086 0,091 0.253 0.340 0.547

SDforfboo 0.011 0.031 0.005 0,033 0,040 0,155

kb (miri^) 0.033 0,012 0.077 0,013 0,012 0,014

SD 0,003 0.002 0.007 0,001 0,001 0,002

SS l.SE'" 4.8E'^ 1.5E-" 5.8E"* 9,0E'^ 2,0E'^

r^ 0,997 0,996 0.999 0.998 0,998 0.991

MSC 5,84 5,19 6,53 6,09 6,14 4.40

The proportionate increase in Kr, between systems of particle size a and b, was of 

equal magnitude for systems of 20% and 80% drug loading. With systems of particle 

size c, the release rate constant, Kr, was 1.8 and 3.3 times higher for 20% and 80% 

systems respectively, than for equivalent drug loadings of particle size a.
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Estimates of F, the formation factor, for systems of different particle size were 

determined from Kr values listed in Table 9.4.

Table 9.5 Estimates of F, obtained from fitting release data for SAR compacts of 

20% or 80% w/w benzoic acid loading, with both components of particle size 0- 

63iJ,m, 63-125iim and 250-500|o.m, to Equation 2.32 {biirst Cobby).

Particle size range 20% 80%

0-63/jm 0.006 0.147

63-125iMn 0.013 0.325

250-500jum 0.020 0.783

The value of F  increased with increasing particle size, the difference being more 

pronounced at high drug loading (80%). Therefore, in compacts where the particle 

size of drug and carrier material was the same, an increase in particle size yielded a 

more porous and/or less tortuous matrix.

Benzoic acid release from SAR compacts was higher when the particle size of both 

components was increased from 63-125|am to 250-500nm {Figure 5.4 & 5.5). At all 

of the drug loadings studied (5%-80%w/w), the release rate constant was consistently 

«1.6 times higher for systems of the larger particle size, which were of a mean 

diameter «4 times greater than that of smaller particle size systems {Figure 5.6). 

Estimates of the formation factor, F, for both small and large particle sized systems, 

showed an exponential increase with drug loading.

Surface roughness values, after dissolution {ARa) values were inversely related to 

estimates of r  (tortuosity). In addition, an approximate 2-fold increase in ARa was 

demonstrated with larger particle size systems, relative to those of smaller particle 

size {Figure 5.12). Additionally the value of ARa also increased with increasing 

loading, suggesting that the amount of drug released also influenced the roughness of 

the compact {Figure 5.9). At the larger particle size the change in ARa, with 

increasing loading, was more pronounced than for smaller particle sized systems.
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Kaewvichit and Tucker (1994) reported a significant interaction between bovine 

serum albumin particle size, stearic acid particle size and drug loading. In stearic acid 

compacts of 5% and 20% w/w bovine serum albumin loading, release was greater 

when compacts were produced from components of particle size 250-500[j,m (large) 

than from materials of 63-125|o,m (small) particle size. The amount released from 

systems of large particle size, was more than double the amount of drug released from 

compacts of small particle size, at both 5% and 20% drug loading. These differences 

were thought to be a reflection of altered packing arrangements of drug and carrier.

Siegel {1989) quoted a value of 0.31 for for three-dimensional systems with an 

underlying simple cubic lattice and a co-ordination number of 6. The estimates of 

critical porosity, in the current work {Page 107), for small and large particle sized 

systems, respectively, were therefore in agreement with theoretical values. These 

values corresponded to a benzoic acid loading of »40%w/w. Caraballo et al {1996) 

investigated the relationship between percolation threshold and particle size in matrix 

tablets of potassium chloride and Eudragit® RS-PM. A linear relationship was 

observed between the particle size of the drug and the corresponding drug percolation 

threshold, in systems where the carrier material particle size was kept constant. In 

later work {MiHan et al, 1998) the percolation threshold was shown to be linearly 

related to the drug/excipient particle size ratio. The estimates of Sc determined in this 

thesis for benzoic acid/ SAR compacts of both components of either small or large 

particle size, were reasonably similar, and therefore agree with the data presented by 

Milldn et al {1998).

Enhanced drug release was achieved with increasing lactose content {Figure 5.21). 

The release rate constant, k, was similar at lactose loadings of 5%-20%, but increased 

rapidly at higher lactose loadings. Quantitatively, the addition of lactose yielded 

release rate constants 1.3 to 3.6 times greater than the value for lactose-free compacts 

{Table 5.8). A linear relationship was demonstrated between k, and the percentage 

soluble fraction of the matrix {Figure 5.22). Data fitted to Equation 2.30 {Peppas) 

yielded values of the exponent, «, which were higher for compacts containing lactose, 

than for lactose-free compacts. In systems of 50% lactose loading, n was 0.63, in 

contrast to 0.46, as determined for lactose-free systems. Release from compacts 

containing lactose was therefore tending towards a zero order profile.
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Release of theophylline from a Precirol® (glycerol palmito-stearate) matrix 

containing varying amounts of mannitol was studied {Parah et al, 1986). The 

quantity of drug released was linear with vf, suggesting that drug release was in 

agreement with the Higiichi model. The inclusion of mannitol, a soluble excipient, 

increased the amount of drug released, relative to mannitol-free compacts. The 

fraction of mannitol contained was proportional to increases in the vf release rate 

constant. Values of the release rate constant were plotted versus soluble fraction, 

alongside data obtained, in the current work {Figure 9.7). A similar linear increase in 

the release rate constant, with of the addition of lactose in SAR compacts or the 

inclusion of mannitol in Precirol® matrices, was evident.

0.009

■ =  0.007 -  

—  0.006 -

2  0.005 -

£  0.003 -

0 20 40 60 80 100

Soluble frac tion  (%)

Figure 9.7 The"V̂  release rate constant, plotted against % soluble fraction for SAR 

compacts of 10% w/w benzoic acid loading and lactose content of 0-50% w/w (♦) and 

lactose-free systems of 5-80% w/w benzoic acid loading (■), and Precirol® (glycerol 

palmito-stearate) matrices containing 50% theophylline and 15-45% w/w mannitol 

( A )  {Parah et al, 1986).

Similarly, Kaewvichit {1994) observed a linear relationship between sodium chloride 

loading and the amount of bovine serum albumin released from stearic acid matrices, 

after 96hr dissolution. The particle size of sodium chloride employed did not alter the 

release profile.
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9.2.4 Effect o f Device Size

In practice, device geometry and size will influence release characteristics and route 

of administration. In the current work, the influence of compact size on release was 

examined, for compacts of 13mm, 7mm and 3mm diameter. Microparticles were also 

produced, which had an average diameter of a^O.lmm. Release data for all systems 

mentioned above was in good agreement with Equation 2.32 {hurst Cobby) {Figure 

9.8).

Estimates of Kr md fbao decreased with increasing device size {Table 9.6). This trend 

for Kr values was consistent with decreasing values of ro, which is inversely 

proportional to the release rate constant {Equation 2.24). The high estimate o f /&«, 

for microspheres is a reflection of a much greater fraction of drug present at the 

surface.
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Figure 9.8 Release from SAR compacts containing 20% w/w benzoic acid of 13mm 

(♦), 7mm (■), 3mm ( A )  diameter and release from SAF microspheres of 20% w/w 

nominal benzoic acid loading ( • ) ,  prepared using the Heidolph stirrer, fitted to 

Equation 2.32 {hurst Cobby).
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j Table 9.6 Parameters and statistics obtained from fitting release data to Equation

2.32 {hurst Cobby) for SAR compacts containing 20% w/w benzoic acid, of 13mm, 

7mm, 3mm diameter and release from SAF microspheres of 20% w/w nominal 

benzoic acid loading, prepared using the Heidolph stirrer.

Parameters 13 mm 7mm 3mm Microspheres

Kr (min'^^) 0.00201 0.0057 0.0078 0.064

SD forK r 0.0001 0.0005 0.0005 0.009

. f b o o 0.0739 0.144 0.162 0.268

SDforfhao 0.02 0.035 0,041 0.116

kb 0.0149 0,0034 0.0096 0.890

SD for kb 0.002 0.002 0,0012 1.180

SS 0.001 0.002 0.003 0.004
7r 0.997 0.996 0.995 0.994

MSC 5.56 5.29 5.05 4.75

9.2.5 Effect o f Production Parameters

Compaction pressure in the range 1-7 tons was shown to have no significant effect on 

the release of benzoic acid from compacts of SAR {Figure 4.29). This finding is 

consonant with the work of Kaewvichit & Tucker {1994) and Goodhart et al {1974).

Varying the agitation speed o f the dissolution medium from 50-150rpm did not affect 

the drug release. When the higher speed o f 200rpm was employed, the amount 

released from 140min onwards was much greater than for the other speeds tested. In 

view of the formation o f acid-soap in SAR compacts, the increased release at 200rpm 

may be a result o f significant removal o f soap and acid-soap from the matrix surface.

The type of mixer used in the production of stearic acid microspheres was shown to 

influence the drug loading efficiency and the surface characteristics o f the 

microspheres. Better loading efficiencies were achieved using a Heidolph mixer, than 

for systems produced using an Ultraturrax mixer, from which the microspheres 

appeared more porous. In the course o f microsphere production benzoic acid 

dissolved in molten stearic acid, and solidified in a micronized crystalline form.
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9.3 IN VITRO AND IN VIVO STUDIES USING INSULIN AS A MODEL 

POLYPEPTIDE

9.3.1 In Vitro

Insulin release from 3mm stearic acid (SAP) compacts was in agreement with matrix 

diffusion release, that is, Higuchi kinetics. Improved fits were obtained when 

Equation 2.30 (Peppas) was used for data fitting. Fitted data is shown in Figure 9.9, 

with parameter estimates and related statistics listed in Table 9.7,

0.004

0.0035

0.003

0.0025
E
•S, 0.002O)

® 0.0015

0.001

0.0005

0 50 100 150 200 250 300

Time (m in")

Figure 9.9 Release from SAP compacts containing 20% w/w insulin and a lactose 

content of 0% (♦), 10% (■) and 20% w/w ( A )  fitted to Equation 2.30 {Peppas).

Table 9.7 Parameters and statistics obtained fi"om fitting release data for SAP 

compacts containing 20% w/w insulin and a lactose content of 0%, 10%> and 20% w/w 

fitted to Equation 2.30 {Peppas).

Parameters 0% 10% 20%

k (g/cm^ mirT) 8.6E'' 7.5E'^ 7.0E'^

SD for k 7.9E'^ 4,9E'^ 8.9E'^

n 0.455 0.557 0,682

SD for n 0.018 0.013 0.024

SS 7.1E'^ 5,8E'^ 4.9E'^

r^ 0.994 0.998 0.995

MSC 4.84 5.96 5.16
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The value of the exponent n was shown to be affected by lactose content, increasing 

from 0.455-0.682, with increasing lactose loading. The inclusion of lactose in these 

systems therefore affected the profile of release which appeared to change fi'om 

kinetics to a mechanism that was close to zero order.

9.3.2 In Vivo

Insulin, unlike drugs such as theophylline, lithium and digoxin, is not officially 

classed as a drug with a narrow therapeutic index. However, in the light of results 

published {Diabetes Control and Complications Trial, 1993, UK Prospective 

Diabetes Sti4dy, 1998) tailoring the insulin dose to maintain blood glucose levels 

between 3.3-5.6 mmol/1 is desirable for delaying the onset and reducing the severity 

of long-term complications associated with diabetes.

Wang (1987, 1989, 1990) produced 25mg fatty acid implants containing bovine 

insulin, which were 1/8'*' segments of a 13mm compact. In vitro data was not 

presented for these systems. For the most part, blood glucose levels recorded were in 

response to palmitic acid compacts.

In the current work, the release of benzoic acid from compacts of SAP and PA was 

investigated, and the effect of device size was also examined. With respect to these 

factors, the in vitro release profiles for Wang’s systems were predicted using the 

Higiichi equation. The simulated data was compared with actual data obtained for 

3mm SAP compacts, in this thesis {Figure 9.10). Based on these predictions, the 

release from systems produced by Wang {1989) were expected to yield greater release 

of insulin than any of the insulin/lactose systems chosen for the animal study. 

Systems of 20% insulin and a lactose content of 0-20%, were therefore expected to 

provide a safe, non-fatal dose of insulin.
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Figure 9.10 Release from SAP systems containing 20% w/w insulin and a lactose 

content o f 0% (♦ ), 10% (■) and 20% w/w ( A )  fitted to the Higiichi equation 

(Equation 2.19), and predicted in vitro release for systems produced by Wang {1989) 

of stearic acid at 30% w/w insulin loading (x) and palmitic acid systems at 20% w/w 

insulin loading ( • ) .

However, in actuality, the implants containing lactose provided a fatal dose of insulin. 

Possible reasons for the differences witnessed may be that normal rats and human 

insulin were used in this study while Wang used diabetic rats and implants containing 

bovine insulin. It is reported that human insulin may be absorbed at a slightly faster 

rate than porcine or bovine insulin {Martindale, 1993).

Muranushi et al {1993) reported different responses in normal and diabetic rats, 

following administration insulin in the presence of absorption enhancers. A more 

prolonged hypoglycaemia was evident in diabetic rats, relative to normal rats. This 

may serve to explain the differences in duration o f effect, o f 20% w/w insulin 

implants, in the current work, and those o f Wang {1987), where a reduction in resting 

blood glucose levels was achieved for a period o f «38days.

The addition of lactose was shown to alter the mechanism of release, such that fitted 

release data approximated to zero order control. In view of these changes, a sustained 

non-fatal insulin dose may potentially be provided from systems o f a lower insulin 

loading than 20%, with increased lactose included in the formulation.
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9.4 CONCLUSIONS

<♦ Drug release from fatty acid compacts was affected by drug loading and by 

particle size of both components. Release increased with increasing drug loading, 

and with increasing mean particle size of both drug and carrier, where the particle 

size of both components was constant. For drug loadings of 5-80% benzoic acid a 

1.6-fold increase in the release rate constant was achieved from systems in which 

the mean particle size of components was «4 times higher.

❖ Release from most systems was in good agreement with kinetics, though 

improved fits were obtained for some systems using a model which combined 

contributions from a surface burst and matrix controlled release. When the size 

of the delivery device decreased, the fraction released by burst increased.

❖ Fatty acids did not behave as inert matrix forming materials. Release rate 

constants showed an inverse linear relationship with onset of mehing of the fatty 

acid. Important differences were demonstrated in drug release from compacts 

produced with different grades of fatty acid. The amount released, after a 3hr 

dissolution period, was «4 times higher using reagent grade stearic acid, than for 

systems composed of pure grade stearic acid.

❖ The addition of lactose enhanced drug release, the mechanism of release shifting 

from  ̂control towards a zero order profile with increasing lactose content.

<♦ Reagent grade stearic acid (SAR) appeared to form acid-soap in phosphate buffer 

pH 7.4 and in O.IN HCl pH 1 when sodium ions were present within the matrix. 

This structure is considered to be more soluble than SAR and enables enhanced 

release. The implication of acid-soap formation, as a factor influencing the 

release of drugs from fatty acid matrices is a significant finding of the work.

❖ A simple emulsification method was established for producing stearic acid 

microspheres. The choice of emulsifying agent was influential on the quality and 

extent of microsphere production. The method of agitation had significant effects 

on the loading efficiency obtained, with lower loadings evident for microspheres
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which appeared more porous, before dissolution. Release from these systems was 

largely by a burst mechanism.

❖ In vivo, stearic acid implants containing insulin caused a concurrent rise in plasma 

insulin levels and fall in blood glucose levels. In vitro insulin release was 

internally consistent with the corresponding pharmacological response, over the 

same time frame. Reasonable correlation was shown between in vitro release rate 

constants and in vivo absorption rate constants. The short duration of action of 

insulin implants in normal rats, relative to those produced by Wang (1987) and 

implanted in diabetic, was attributed to the difference in the diabetic state of the 

animals.

In systems containing 20% insulin the addition of as little as 10% w/w lactose, 

caused mortality. As the inclusion of lactose was shown to shift the in vitro 

release mechanism towards zero order control, a more acceptable dose may be 

provided from systems of lower insulin loading and higher lactose loading

In view of the findings reported above, the mechanism of drug release from fatty acid 

based compacts is more complicated than initially considered. Particle size and more 

so, fatty acid type, have been demonstrated as altering the internal pore structure as 

defined by varying estimates of F. Obviously, the apparent formation of acid-soap in 

SAR compacts adds to the complexity of these systems. Increased surface roughness 

in SAR compacts with increasing exposure to buffer, suggested that the change in 

stearic acid was time dependent.

Although release was in good agreement with various kinetic equations, particle size, 

carrier type, and more specifically, grade of fatty acid chosen can have profound 

effects on drug release.

9.5 FUTURE WORK

The results of this thesis have defined important factors which affect release. A 

significant finding of this work was evidence for acid-soap formation, when SAR is 

placed in contact with sodium ions. An interesting continuation of the work would be
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to investigate the mechanism of release from acid-soap compacts. With SAR 

compacts, monitoring the surface tension o f compacts at various stages of dissolution, 

would enable the detection of micelle formation. More complex techniques such as 

’^C Cross Polarization/Magic Spin Solid State Nuclear Magnetic Resonance ('^C 

CP/MAS NMR), coupled with IR spectroscopy and small angle X-ray could possibly 

provide definitive data as to the nature o f acid-soap structures/phases forming during 

dissolution.
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APPENDIX I

Compaction pressure versus breaking force.
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Figure 1 Required breaicing force plotted against compaction pressure for 3mm 

matrices o f 20% w/w benzoic acid loading and stearic acid reagent grade (SAR).

Comparing release from compacts prepared using two mixing methods.
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Figure 2 Release from SAR compacts of 20% w/w benzoic acid loading of 63- 

125[j.m particle size and 3mm diameter, mixed by a turbula mixer (♦ ) or Whirlimixer 

(■ ).
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Automated versus manual dissolution.
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Figure 3 Drug release from 3mm compacts of 20% benzoic acid, particle size 63- 

125|j,m, measured by manual (■) and automated methods (♦).
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APPENDIX II

Calibration cnr\>e for benzoic acid in phosphate buffer pH 7.4 by UV assay.
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R2 = 0.999404
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Figure 1 Calibration curve for benzoic acid in phosphate buffer pH 7.4 at 220nm.
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APPENDIX III

Calibration curve for bovine insulin in phosphate buffer pH  7.4 by UV assay.
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0.4 y = 11.311x+0.0373 
R2 = 0.9922
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Figure 1 Calibration curve for bovine insulin in phosphate buffer pH 7.4. 

Calibration curve for bovine insulin by HPLC assay.

o

Retention time

Figure 2 Chromatograms o f solutions o f  insulin in phosphate buffer pH 7.4 o f 

increasing concentration (HPLC assay).
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y =316.48x - 0.1834 
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Insulin c o n c en t ra t io n  (mg/ml)

Figure 3 Calibration curve for bovine insulin in phosphate buffer pH 7.4 by HPLC 

assay (see Figure 2 for corresponding chromatograms).
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Figure 4 AUC versus insulin concentration in phosphate buffer pH 7.4 (HPLC 

assay).
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APPENDIX IV

Insulin (uU/m l)

Correlation coefficient for the fitted line=0,9998.

Figure 1 Calibration curve for human insulin as measured by radioimmunoassay.
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APPENDIX IV

Sieve analysis o f  benzoic acid and stearic acid (SAP).
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Figure 1 Sieve analysis o f benzoic Figure 2 Sieve analysis o f stearic 

acid. acid (SAP).
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APPENDIX VI

Table 1 Release data for compacts of benzoic acid and stearic acid (SAP) of 20% to 

80% w/w drug loading, fitted to Equation 2.20 (Higuchi).

Parameters 20% 40% 60% 80%

k (g/cm^ min^^) 0.3xl0'" 1.1x10'" 2.3x10'" 4.2x10'"

SD for k 4.26E'^ 9.66E''^ 2.05E'^ 1.60E'^

SS 5.59E'^ 2.89E-'' 1.29E'^ 1.60E'^

0.997 0,999 0.999 0.991

MSC 3.64 4.48 4.62 3.01

Table 2 Release data for compacts of benzoic acid and stearic acid (SAP) of 20% to 

80% w/w drug loading, fitted to Equation 2.21 intercept).

Parameters 20% 40% 60% 80%

A (g'cm^) 0.69x10'" 0.29x10'" -1.50x10'" -4.30x10'"

k (g cm^ min^^) 0.41x10'^ 1.08x10'" 2.45x10'" 4.65x10'"

SS 2.29E'^ 2.65E-^ 6.62E'^ 0.000015

0.994 0.999 0.999 0.994

MSC 2.74 4.45 5.18 3.14

Table 3 Release data for compacts of benzoic acid and stearic acid (SAP) of 20% to 

80% w/w drug loading fitted to Equation 2.22 {Higuchi lag).

Parameters 20% 40% 60% 80%

k (g/cm^/min^^) 0.33x10'" 1.10x10'" 2.38x10'" 4.70x10'^

to (min) 1.0E'^“ 1.0E'^“ 6.1 8.8

SD 2.87 1.93 0.41 1.09

MSC 3.04 3.92 6.44 3.78
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Table 4 Release data for compacts of benzoic acid and stearic acid (SAP) of 20%- 

80% w/w drug loading fitted to Equation 2.23 {Cobby).

Parameters 20% 40% 60% 80%

Kr (min'^^) 3.9xlO'" 4.6x10'^ 7.7x10'" 9.9x10'"

SD 8.29E'^ 3.40E'^ 9,34E'^ 51.0E'^

SS 0.017 0.003 0.015 0.165

r^ 0.994 0.999 0.998 0.988

MSC 2.73 5.03 4.31 2.58

Table 5 Release data for compacts of benzoic acid and stearic acid (SAP) of 20%- 

80% w/w drug loading fitted to Equation 2.25 {Cobby lag).

Parameters 20% 40% 60% 80%

Kr (min^') 3.9x10'" 4,6x10'" 8.7x10'" 13.8x10"

to (min) l.OE'” 0.02 1.2 6.7

SS 0.017 0.003 0.003 0.035
?r 0.994 0.999 0.999 0.997

MSC 2 4.51 5.4 3.97

Table 6 Release data for compacts of benzoic acid and stearic acid (SAP) of 20%- 

80% w/w drug loading fitted to Equation 2.31 {Ford).

Parameters 20% 40% 60%> 80%)

k (g/cm^ min”) 0.8x10'" 1.8x10'" 2.5x10'" 1.6x10'"

SD for k 4.07E'^ 9.28E'^ 1.1 lE'^ 8.62E'^

to (min) 9.17 7.07 6.37 2.83

SD for to 0.326 0.63 0.602 0.52

n 0.331 0.396 0.494 0.736

SD for n 0.01 0.01 0.009 0.01

0.999 0.999 0.999 0.999

SS 9.97'* 5.02E'^ 1.28E'^ 5.29E'^

MSC 5.15 5.56 6.36 7.382
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Table 7 Release data for compacts of benzoic acid and stearic acid (SAP) of 20%- 

80% w/w drug loading fitted to Equation 2.31 {Ford).

Parameters 20% 40% 60% 80%

k (g/crrf^/mirP ̂ ) 0.019 0.0175 0.0123 0.011

SD 0.001 0.0008 0.0006 0.0006

W o o 13.12 45.88 109.1 216.7

SD 0.24 0.81 2.26 5.93

SS 2.91 23.4 67.1 344

r^ 0.998 0.999 0.999 0.999

MSC 4.22 4.62 5.21 4.98
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APPENDIX VII

11 r 1 n i t y  Co l  1 Cl  s c P h a r m a c e u t i r i
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b e n z o i c  a c i d

Figure 1 SAR compacts of 20% benzoic acid loading, with both components of 

particle size 63-125|j.m, before (top) and after dissolution (bottom), in phosphate 

buffer pH 7.4.
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Figure 2 SAR compacts o f 60% w/w benzoic acid loading, with both components of 

particle size 250-500|im, before (top) and after dissolution (bottom), in phosphate 

buffer pH 7.4.
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APPENDIX VIII
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Figure 1 Release from 80% benzoic acid/ SAR compacts o f 63-125|o,m particle size 

in phosphate buffer pH 7.4.
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APPENDIX IX

FTIR spectra for fatty acid samples

Figure 1 IR spectra for pure grade stearic acid (SAP).

Figure 2 IR spectra for palmitic acid (PA).

Figure 3 IR spectra for reagent grade stearic acid (SAR).

Figure 4 IR spectra for sodium stearate.

Figure 5 IR spectra for sodium palmitate.

Figure 6 IR spectra for a surface sample o f SAR compacts following 15hr immersion 

in phosphate buffer pH 7.4.

Figure 7 IR spectra for 1:1 palmitic acid-sodium palmitate acid-soap.

Figure 8 IR spectra for 1:1 stearic acid-sodium stearate acid-soap.
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APPENDIX X

SE 2 4 - J a n - O O  0 0 6 3 9 9  WD19.8irin 5°. OOkV x25o' 200um

Figure 1 SEM of sieve fraction 125-250|j.m with 0 .15%w/v MC solution used as the 

emulsifying agent.
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APPENDIX XI

Table 1 Parameters and statistics for release data for SAP compacts of 10%, 20%, 

30% insulin fitted to Equation 2.23 (Cobhy) where q^2.6.

Parameters 10% 20% 30%
Kr (min'^^) 0,0017 0.0025 0.0039

SD 6.24E'^ 3.6E‘̂ ME-"

SS 0.0007 0.0002 0.0001

r^ 0.989 0.998 0.993

MSC 3.04 4.90 3.73

Table 2 Parameters and statistics for release data for systems of 10% insulin and a 

lactose content of 0-50%, fitted to Equation 2.23 {Cobby) where q=2.6.

Parameters 0% 10% 20% 50%

Kr (min'^ ''’) 0.0017 0.0032 0.0028 0.0076

SD 6.24E'^ 5.25E'^ 1.59E'^ 8.74E'^

SS 0.00066 0.00039 3.885E'^ 0.00079

r^ 0.989 0.998 0.999 0.999

MSC 3.04 4.80 6.79 5.623

Table 2 Parameters and statistics for release data for systems of 20% insulin and a 

lactose content of 0-20%, fitted to Equation 2.23 {Cobby) where q=2.6.

Parameters 0% 10% 20%

Kr (min^^) 0.0025 0,0039 0,0057

SD 3.6E'^ LIE'" 3E-'*

SS 0.0002 0,0017 0,014

r^ 0,998 0,993 0,976

MSC 4.90 3,73 2,62
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APPENDIX XII

Figure 1 Photograph showing implant encapsulated in the subcutaneous layer.
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APPENDIX XIII

The Classic Two-Compartment Open model with First-order absorption

C = ^,F D !V c] ( ^ 2 1  ^2 )̂
k J

(̂ 21 °

where C is the concentration in the central compartment, ka is the first-order 

absorption rate constant, F  is the fraction of drug absorbed, D is the dose, and k2i 

are the first-order distribution rate constants and A; and X2 are exponents.

The Classic Two-Compartment Open model with First-order absorption accounting 
for a lag time

C = {k^FDIVc] ( ^ 2 1  ■̂ 1 • + (^ 2 1  - ^ 2 >
>1,2 (/ (q )

• + (^ 2 1

(A, -  A, )(k^ -  A,) (k^ -  A, )(A, -  A ,) (A, -  k^ )(A, -  k^)

where parameters are as described for former equation.
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APPENDIX XIV

Table 1 Plasma insulin levels (|iU/ml) in non-diabetic rats following implantation of 

3mm SAP compact containing 20% insulin.

Time (niiti) Animal I Time (miti) Animal 2 Time (min) Animal 3

0 45.02 0 42.85 0 33.22

20 337.46 18 420.73 20 672.20

55 625.40 48 862,47 50 1005.74

90 829.52 88 751.53 90 1005.26

145 609.85 143 512.93 145 706.77

280 68.88 278 62.04 280 100.23

1610 39.23 1598 38.43 1600 33.61

4305 50.39 4273 30.52 4275 52.20

8820 43.80 8598 50.06 8600 39.63

10065 39.16 10003 32.06 10005 49.85

Table 2 Blood glucose levels (mmol/1) in non-diabetic rats following implantation of 

3mm SAP compact containing 20% insulin

Time (min) Animal 1 Time (min) Animal 2 Time (min) Animal 3

0 11.6 0 11.9 0 10.7

20 9.2 18 7.7 20 10.1

55 4.0 48 3.9 50 5.0

90 3.3 88 2.9 90 3.8

145 2.9 143 3.9 145 2.7

280 9.0 278 6.2 280 4.3

1610 8.6 1598 8.7 1600 8.8

4305 7.8 4273 12.0 4275 14.5

8820 9.6 8598 8.7 8600 9.7

10065 8.3 10003 8.0 10005 8.3
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Table 3 Plasma insulin levels (|^U/ml) in non-diabetic rats following implantation of 

3mm SAP compact containing 20% insulin and 10% lactose.

Time (min) Animal I Time (min) Animal 2 Time (min) Animal 3

0 18.02 0 19.14 0 22.32

15 73.94 23 213.37 30 320.99

80 2805.50 87 186,32 100 1278.30

175 3367.20 183 1495.35 195 2113.20

250 1181.05

Table 4 Blood glucose levels (mmol/1) in non-diabetic rats following implantation of 

3mm SAP compact containing 20% insulin and 10% lactose.

Time (min) Animal I Time (min) Animal 2 Time (min) Animal 3

0 8.4 0 10.6 0 9.3

15 2.2 23 6.1 30 7.0

80 3.8 87 3.7 100 3.0

175 1.7 183 2.4 195 1.8

250 1.8

Table 5 Plasma insulin levels in non-diabetic rats following implantation o f 3mm 

SAP compact containing 20% insulin and 20% lactose

Time (min) Animal 1 Time (min) Animal 2 Time (min) Animal 3

0 43.99 0 66.36 0 38.89

15 74.25 20 210.31 25 756.75

65 3320.10 65 4763.75 65 5562,75

145 6383.24 160 3507.24 160 40.29.25
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Table 5 Plasma insulin levels in non-diabetic rats following implantation of 3mm 

SAI’ compact containing 20% insulin and 20%lactose.

Time (miti) Animal 1 Time (miri) Animal 2 Time (min) Animal 3

0 43.99 0 66.36 0 38.89

15 74.25 20 210.31 25 756.75

65 3320.10 65 4763.75 65 5562.75

145 6383.24 160 3507,24 160 40,29.25
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Equation 2.17 {first-order)

IndVars: T
DepVars:W
Params. K, Win
W=Win*(l-EXP((-K)*T))
//constraints
Win>0,3

Equation 2.19 (Higuchi)

IndVars: T 
DepVars:Q
Params:D, E, Tau, Cs, A 
Q=(D*(E/Tau)*((2*A)-(E*Cs))*Cs*t)^0.5

Equation 2.21 {^intercept)

IndVars: T 
DepVars:Ql 
Params: K C 
Q1=C+K*T^0.5

Equation 2.22 {Higuchi lag)

IndVars: T 
DepVars: Qt 
Params: K, TO 
Qt=K*(T-T0)^0.5 
//constraints 
0=<T0<T

Equation 2.23 {Cobby)

IndVars: T 
DepVars: FT 
Params: Q, KR
FT := (Q+2)*KR*T^0.5-(2*Q+1)*(KR*T^0.5)^2+Q*(KR*T^0.5)^3
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Equation 2.25 {Cobby lag)

IndVars; T 
DepVars: FT 
Params; Q, KR, TO
FT= (Q+2)*KR*(T^0.5-T0^0.5)-((2*Q+1)*(KR*(T^0.5- 
T0^0.5))^2)+(Q*(KR*(T^0.5-T0^0.5))^3)
//constraints
0=<FT<1
0=<T0<T

Equation 2.27 {Higuchi A)

IndVars:T 
DepVars: Q
Params: A, D, Tau, Roe, Cs 
Q=A*((D/(Tau*Roe))*Cs*2*T)^0.5

Equation 2.29 {Higuchi F)

IndVars: T 
DepVars: Q 
Params: Do,Cs,F,A 
Q=((2*Do*Cs*A*F*T)^0.5)

Equation 2.30 {Peppas)

IndVars: T 
DepVars: Qn 
Params: K, N 
Qn=K*T^N

Equation 2.31 {Ford)

IndVars: T 
DepVars: QO 
Params: K, N, TO 
QO=K*((T-TO)^N)

264



Appendices

Equation 2.32 (Mollo)

IndVars: t 
DepVars: ftot 
Params;kr, fbin, k l, q
fd-(q+2)*kr*(t^0.5)-((2*q)+l)*((kr*(t^0.5))^2)+(q)*((kr*(t^0.5))^3)
fdtot=IFGTZERO(fd-1,1 ,fd)
fdif=Pfdtot
fb=fbin*(l-exp(-kl *t))
ftot=fb+fdif
//constraints
l=f+fbin
0.0<f<l

Equation 7.1 (hurst Cobby for spheres)

IndVars. T 
DepVars: ftot 
Params;kr,ft)in,kl
fd=(3)*kr*(t^0.5)-(3)*((kr*(t^0,5))^2)+((kr*(t^0,5))^3)
fdtot=IFGTZERO(fd-1,1 ,fd)
fdif=Pfdtot
fb=fbin*(l-exp(-kl*t))
ftot=ft)+fdif
//constraints
l=f+fbin
0.0<f<l
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