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Thesis Summary
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the consequent effects on mechanical properties
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Doctor of Philosophy
April 2005

The bioavailability of BCS |l compounds may be improved by an enhanced solubility
and dissolution rate. Four carboxylic acid drugs were selected, which were
flurbiprofen, etodolac, ibuprofen and gemfibrozil. The drugs were chosen because
they are weak acids with poor aqueous solubility and should readily form salts. The
counterions used for salt formation were: butylamine, pentylamine, hexylamine,
octylamine, benzylamine, cyclohexylamine, tert-butylamine, 2-amino-2-methylpropan-
2-ol, 2-amino-2-methylpropan-1,3-ol and tromethamine.

Salt formation was confirmed by NMR, DSC, TGA, DVS and FTIR. The saturated
solubility in water was obtained for each of the salts together with dissolution data
under different pH conditions. Dissolution was performed at one and two pH units
above the parent drug pK,. Solubility was partially controlled by the saturated solution
pH with the butylamine counterion increasing the solution pH and solubility and
dissolution to the greatest extent. As the chain length increased, solubility was
reduced due to the increasing lipophilic nature of the counterion. The benzylamine
and cyclohexylamine counterions produced crystalline, stable salts but did not
improve solubility and dissolution significantly compared to the parent compound.
The substitution of hydroxyl groups to tert-butylamine counterions produced an
increase in solubility and dissolution. AMP2 resulted in the most enhanced solubility
and dissolution compared to the parent drug but using the tris salt did not further
improve solubility due to a very stable crystal lattice structure.

The parent drugs were very difficult to compress due to orientation effects and
lamination. Compacts were prepared of each parent drug and salt and their modulus
of elasticity values were measured using a three-point bend(Young's modulus, Eg)
were extrapolated to zero porosity and compared. Compressibility and E, were
improved with the butylamine, tert-butylamine, cyclohexylamine and AMP2
counterions. The most significant improvement in compression and E, was with the
AMP2 salts. Mechanical properties were related to the hydrogen bonding within the
crystal lattice structure for the gemfibrozil salt series. As the number of hydrogen
bonds increased within the crystal structure the compressibility improved, increasing
the Eg value.

Key words: enhancement, compression properties, Young's modulus, counterion,
modification of physicochemical properties
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Chapter 1 Introduction

1.1 The drug discovery process

In a commercial environment, the drug discovery process strives to chemically
synthesise a potent, active compound. The pre-requisites are high potency, or a
compound that binds selectively and reversibly to the appropriate receptor. The
active compound should have low toxicity, low or no teratogenicity and a good side
effect profile. Once the compound is selected it is passed to the formulation scientist
to create an appropriate dosage form. The active chemical entity must have
acceptable aqueous solubility in order for it to be absorbed from the gastrointestinal
tract and have a good bioavailability (the rate and extent of absorption). Many drug
discovery processes result in an active pharmaceutical that is poorly soluble in water

which leads to many problems when formulating a dosage form.

Over the last 15 years there has been a change towards the use of combinatorial-
chemistry techniques that have the ability to produce thousands of molecules per
year. Initial screening techniques generally involve an automated high throughput
screen using the compound dissolved in dimethyl sulfoxide (DMSO). The screening
allows for activity in enzyme- or receptor-based assay systems to be assessed
quickly. The screening is then refined to give a manageable number of ‘hits’ and then
further structural refinement is usually required to make the molecules more potent.
The ‘candidate’ drugs can be relatively impure free bases, free acids or neutral
molecules, and are often amorphous. Because they are often dissolved in DMSO
prior to screening it is not necessary to ensure the crystallinity, also solubility is better
in DMSO than in aqueous solvents.

Drugs are often designed to have a high binding affinity to endogenous receptors, so
their action is selective and potent. In this way drugs are designed to exert their
pharmacological effect with a small dose producing little or no side effects so they are
acceptable to the patient and improve compliance. When a selection of candidate
drugs are screened for affinity for the appropriate receptor, the most potent molecule
may be lipophilic because of the drug discovery process. If a drug is highly lipophilic it

probably will have limited solubility in water. This will lead to unsatisfactory
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dissolution of the drug in the gastrointestinal tract and therefore a small amount of the

dose will be absorbed into the systemic circulation.

Drugs with poor solubility are becoming an increasing problem in the pharmaceutical
industry and strategies to overcome poor solubility are being employed by
formulation scientists and medicinal chemists to maintain good bioavailability of new
drugs. Because drug substances are designed to bind to a receptor, enzyme or
protein efc., they normally possess several functional groups capable of hydrogen
bonding. Some of these functional groups may give the potential for salt formation
and thus increased hydrophilicity. Salt formation gives the formulation scientist the
opportunity to modify the physicochemical characteristics e.g. melting point,
hygroscopicity, chemical stability, dissolution rate, solution pH, crystal form efc. and
mechanical properties e.g. hardness, elasticity etc. of the potential drug substance
and to develop dosage forms with acceptable bioavailability, stability,

manufacturability and patient compliance.

1.2 The oral absorption route

1.2.1 The gastro-intestinal tract (GIT)
The gastro-intestinal tract (GIT) is a highly specialised region of the body that is

involved in secretion, digestion and absorption. All nutrients required by the body
apart from oxygen must be ingested orally, processed by the GIT and made available
for absorption into the bloodstream before their benefits can be realised. The GIT is
responsible for ejecting noxious or irritating materials to prevent toxicity and it
removes these by vomiting or diarrhoea. Therefore the GIT represents a significant

barrier to the environment and to foreign substances, like some drugs.
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Figure 1.1 Components of the digestive system adapted from Human Physiology (2004)

The GIT is represented pictorially in figure 1.1 and it shows the main functional
regions within the GIT. The liver, gallbladder and pancreas secrete materials vital to
the digestive and some absorptive process. The small intestine, comprising of the
duodenum (0.3 m), jejunum (2.4 m), ileum (3.6 m) represents over 60% of the length
of the GIT, which is consistent with its primary digestive and absorptive functions.
The large intestine or colon is commonly 0.9 to 1.5 m in length.

1.2.1.1 The stomach

The stomach is the first major barrier to most ingested materials; its primary function
is breaking down components with the aid of enzymes and a high acid environment
to chyme and the storage and mixing of the stomach contents. The stomach is then
emptied in a controlled manner to the small intestine for further digestion and
absorption. The stomach consists of three main parts: the fundus and body, which is
a storage region and the walls can distent outwards to accommodate a large meal
and the antrum, as illustrated in figure 1.2, is the major site for mixing motions and

acts as a pump to assist gastric emptying.
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Figure 1.2 The anatomy of the stomach adapted from Human Physiology (2004)

The mucosal surface of the stomach is lined by an epithelial layer of columnar cells.
Along the surface are many gastric pits, at the bottom of which secretory cells
produce about 2 L of fluid a day. The epithelial cells rapidly proliferate and renew the
layer every 1 to 3 days. Covering the surface is a layer of mucus which is constantly
being renewed. The mucus acts as a protective lubricating coat for the cell lining. The
parietal cells produce acid (HCIl) and maintain the pH of the stomach between 1 and
3.5, in the fasted state. Pepsins are present in the stomach which are only active
below pH 5, these are secreted by the peptic cells and break down proteins.

Very little drug absorption occurs in the stomach owing to its small surface area
compared to the small intestine.

1.2.1.2 The small intestine

The small intestine is the longest and most convoluted part of the GIT. The wall of the
small intestine has a unique structure, making it ideally suited for digestion and
absorption because it greatly increases its effective luminal surface area. The small
intestine has a rich network of blood vessels; it is supplied with blood from the
mesenteric artery via branched arterioles and the blood leaving the small intestine

flows into the hepatic portal vein, which carries it to the liver and then to the systemic
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circulation. Drugs that are metabolised by the liver before reaching the systemic
circulation are degraded and are subject to first pass metabolism. The walls of the
small intestine are also well supplied by the lymphatic system. Peyer’'s patches on
the surface of the ileum are areas of lymphoid tissue that play a key role in the
immune response as they transport macromolecules and are involved in antigen
uptake. The lymphatic system is involved in the transport of fats from the gastro-
intestinal tract.

The increased surface area of the small intestine is because of the submucosal folds
of Kerckring and the villi and microvilli that have evolved at the epithelial surface.
Lining the epithelium are the villi which are finger-like projections into the lumen of
approximately 0.5 to 1.5 mm in length and 0.1 mm in diameter. They are well
supplied with blood and lymph vessels (figure 1.3). Projecting from the villi surface
are the microvilli, there are approximately 600-1000 of these brush-like structures
that cover each villus and they are approximately 1 ym in length and depth. The
microvilli region is also referred to as the ‘brush border and it is in this region that

absorption is initiated.
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Figure 1.3 Gross structure of the small intestine showing the circular folds that increase the
total surface area for absorption, the microscopic luminal projections known as the villi and a
pictorial representation of a villus epithelial cell depicting microvilli on its luminal border.
Adapted from Human Physiology (2004)

The luminal pH of the small intestine increases to between 6 and 7.5 because of
secretions of bicarbonate by the Brunner’s glands in the duodenum which neutralise
the acids from the stomach. Other secretions include mucus and enzymes by
intestinal cells, hydrolases and proteases continue the digestive process. The
pancreas lies below the stomach and secretes digestive enzymes and an aqueous
alkaline fluid into the duodenum via a duct. Pancreatic proteolytic enzymes including
trypsin, chemotrypsin and carboxypeptidases are all secreted in their inactive form
and digest protein when activated by enterokinase. Pancreatic amylase and lipase
are secreted in their active form and digest carbohydrate and fats. Bicarbonate is
also secreted to neutralise the stomach contents that have been emptied into the
small intestine. The secretion of bicarbonate is controlled by the pH of the chyme
delivered by the stomach so that enzymatic activity is facilitated because pancreatic
enzymes function best in a neutral or slightly alkaline environment. Bile is
continuously secreted by hepatocytes in the liver and is diverted to the gallbladder
between meals. The bile is stored and concentrated in the gallbladder by the removal
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of sodium ions, chloride and water, and delivered in the duodenum. Bile is an alkaline
fluid containing bile salts, cholesterol, lecithin and bilirubin. The bile acids are
reabsorbed back into the blood by an active transport mechanism referred to as the
enterohepatic circulation. Bile pigments including bilirubin, are excreted in the faeces.
The main function of the bile is to aid fat digestion and absorption by emulsifying the
fats present in the lumen and to facilitate fat absorption by participation in the

formation of micelles.

1.2.1.3 The colon

The colon is the final part of the gastro-intestinal tract; its length is approximately 1.5
m. The main functions of the colon are the absorption of sodium ions, chloride ions
and water from the lumen in exchange for bicarbonate and potassium ions. Thus the
colon has a significant homeostatic role in the body. The pH of the upper part of the
colon is around 6 to 6.5 and this increases to around 7 to 7.5 towards the distal parts
of the colon. The gases hydrogen, methane and carbon dioxide are produced by the
masses of bacteria present in the colon which break down undigested carbohydrates

to short-chain fatty acids which lower the pH.

1.2.1.4 Gastric emptying and small intestinal transit

The transit time of pharmaceuticals in the gastrointestinal tract is a very important
consideration when designing a formulation. If a controlled release delivery system is
being developed it is important to consider factors that will affect absorption of the
drug. If it is to be absorbed in the small intestine, the major site for drug absorption,
then the time a drug is present in this part of the gastrointestinal tract is highly

significant.

In general, most dosage forms when taken in the upright position transit through the
oesophagus in less than 15 seconds. If the dose is taken in the supine position they
are liable to lodge in the oesophagus and reduce their effectiveness. Gastric
emptying of pharmaceuticals is highly variable and is dependent on the dosage form
and whether the stomach is in a fed or fasted state. Normal gastric residence times
are between 5 minutes and 2 hours, although much longer times have been recorded
(over 12 hours). In the fasted state there are four phases of contraction; Phase | and

Il are relatively inactive stages that last 40-60 minutes. Phase Il clears the stomach
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contents by powerful peristaltic contractions and Phase IV is a short transitional
period before Phase | begins again. The cycle repeats itself every 2 hours until a
meal is ingested. When a meal is ingested the stomach walls relax to accept the food
and peristalsis begins to break down food particles and move them to the pyloric
sphincter. Thus, in the fed state, disintegrated tablets will empty into the small
intestine with food yet sustained release single unit tablets can be retained in the
stomach for long periods of time. Gastric emptying in the fasted state is related to the

position in the stomach cycle at which the formulation is ingested.

Many factors influence gastric emptying including postural position, the presence of
disease states, the presence of food and the type of food. Fatty foods can delay
gastric emptying and delay the absorption of drugs. Drugs can affect the gastric
emptying rate; metoclopramide has been shown to increase the absorption of
paracetamol because it increased gastric emptying. Propantheline delays gastric

emptying and therefore delays the absorption of paracetamol (Nimmo et al., 1973).

Small intestinal transit has been found to be relatively constant, at around 3 hours. In
contrast to the stomach the small intestine does not differentiate between the fed and
fasted state. The propulsive motion of the small intestine determines the transit rate
and hence the residence time of the drug or dosage form. As the small intestine is
the maijor site for absorption, the transit time is most important when considering oral
drug bioavailability. Small intestine residence time is particularly important for
controlled release systems as their absorption continues along the length of the
gastrointestinal tract. Enteric coated (EC) systems, for example ibuprofen and
diclofenac EC tablets only release their drug when they reach an area in the small
intestine of a particular pH. In this case disintegration of the formulation has to occur
before dissolution and absorption can take place. This can extend the onset of
physiological action. Drugs that dissolve slowly in intestinal fluid and drugs that are
absorbed by intestinal carrier-mediated transport systems can be severely affected
by small intestine residence time. The most reliable and rapid method of

administering a drug is on an empty stomach with a glass of water.
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1.2.1.5 Variation in pH of the gastrointestinal tract

Variation in gastrointestinal pH can be a significant barrier to drug absorption,
particularly with drugs that have pH dependent solubility e.g. organic carboxylic
acids. Gastric fluid is highly acidic, normally between pH 1 and 3.5 in healthy people
in the fasted state. Following the ingestion of a meal, the gastric juice is buffered by
the contents and the pH rises, depending on the contents of the meal to pH 3 to 7.
The pH of the stomach returns to fasted state values within 2 to 3 hours. Thus only a
dosage form ingested after a meal will encounter such elevated pH conditions,

although the presence of food can affect drug dissolution and absorption.

Intestinal pH values are higher than gastric pH because of the alkaline secretions into
the lumen of the small intestine. The pH along the small intestine can vary and a
gradual rise in pH is observed along the length of the intestine from the duodenum to
the ileum. Figure 1.4 summarises the literature recorded values for intestinal pH. The
pH of the colon lowers to around 6.5 due to bacterial enzymes in the colon breaking
down undigested carbohydrates to short-chain fatty acids.

Figure 1.4 pH in the small intestine in healthy humans in the fasted and fasted state (Gray and
Dressman, 1996)

Location Fasted State pH Fed state pH
Mid-distal duodenum 4.9 5.2
6.1 5.4
6.2 5.1
Jejunum 4.4-6.5 52-6.0
6.6 6.2
lleum 6.5 6.8-7.8
6.8-8.0 6.8 - 8.

The gastrointestinal pH may influence the absorption of drugs in a variety of ways.
Chemical degradation due to pH-dependent hydrolysis can occur in the
gastrointestinal tract; this can influence the chemical stability of the drug in the lumen.
The result of this instability is incomplete bioavailability, as only a small proportion of
drug reaches the systemic circulation. Gastric pH degrades penicillin G

(benzylpenicillin) so that absorption from the gastrointestinal tract is low and therefore
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the bioavailability is extremely poor. Penicillin V (phenoxylmethylpenicillin) is not
susceptible to gastric acid but has unpredictable absorption and variable plasma
levels. It is therefore advised to take penicillin V on an empty stomach with a glass of
water to optimise bioavailability (BNF No. 49, 2005).

If the drug is a weak electrolyte then the pH of the lumen will affect its solubility and
dissolution in the gastrointestinal tract. Weak acids (pKa 4-5) may become freely
soluble in the latter part of the small intestine, so dissolution and absorption must

occur within the small intestine transit time (3 hours or less).

1.3 Poorly soluble drugs

If a drug is poorly soluble in the pH of the stomach or small intestine then the dose
may not be fully absorbed and therefore the pharmacological response may be
unpredictable and blood plasma levels may vary. Poor water solubility is becoming
an increasing problem and presents difficulties when designing a suitable formulation
for oral drug delivery. This is a particular problem for certain classes of drugs such as
the HIV protease inhibitors, the glycoprotein lIb/llla inhibitors, many anti-infectives
and anticancer drugs (Aulton, 2002). Medicinal chemists are aware that the drug
discovery process commonly produces poorly soluble drugs that cause difficulties
formulating an appropriate dosage form that gives an appropriate pharmacological
response and a good side effect profile. Strategies employed by medicinal chemists
include: introducing ionisable groups, reducing melting points, using prodrugs and
changing polymorphs to improve solubility. Pharmaceutical scientists improve
dissolution of poorly soluble drugs by formulation approaches. Formulating reduced
particle sizes, using solid dispersions or self-emulsifying drug delivery systems,
stabilising amorphous forms of the drug substance, formulating with cyclodextrins or
encapsulation are some techniques used. Poor solubility can be exploited when
designing sustained release formulations. Retarding the aqueous solubility may result
in a slow dissolution and continuous absorption of the drug into the systemic

circulation.
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1.4 The Biopharmaceutics Classification System (BCS)

Amidon et al. (1995) developed a biopharmaceutical classification scheme which
classifies drugs in four classes according to their solubility across the gastrointestinal
mucosa. The system was originally designed to identify which immediate release
solid oral products did not require bioequivalence tests. It is a useful system to
classify drugs and identify and predict which bioavailability issues may arise during

the various stages of the development process.

The four classes are:
e Class | : high solubility/high permeability
e Class Il : low solubility/high permeability
e Class Ill : high solubility/low permeability

e Class IV : low solubility/low permeability

A drug is considered to be highly soluble where the highest dose is soluble in 250 ml
or less of aqueous media over the pH range 1-8. The volume is approximately the
same as the minimum volume anticipated in the stomach when the dose is taken in
the fasted state with a glass of water. If the intended dose is soluble in a volume
greater than 250 ml over a pH range of 1 to 8 then the drug is considered to have a
low solubility. The classification therefore takes into consideration the dose of the
drug as well as its solubility. A highly permeable drug is considered when the extent
of absorption in humans is expected to be greater than 90% of the administered
dose.

1.4.1 Class | drugs

Class | drugs will dissolve rapidly when administered as immediate-release dosage
forms, and are also rapidly transported across the gastrointestinal epithelia to the
systemic circulation. Therefore, unless they form insoluble complexes or undergo
presystemic clearance, it is expected that such drugs will be rapidly absorbed and
show good bioavailability. Examples of class | drugs are the B-blockers metoprolol

and propranolol (Aulton, 2002).
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1.4.2 Class Il drugs

The rate-limiting step to absorption is the dissolution rate of the dose in gastric fluids
for class Il compounds. For this class of drugs, therefore, it should be possible to
generate a strong correlation between in vitro dissolution and in vivo absorption.
Examples of class Il drugs are the non-steroidal anti-inflammatory drug ketoprofen
and the antiepileptic carbamazepine. The solubility of this class can often be
improved by formulation approaches to enhance the dissolution rate and oral

bioavailability.

1.4.3 Class Il drugs

Class Ill drugs dissolve rapidly but are poorly permeable through the gastric lining.
Examples are the Hp-antagonist ranitidine and the B-blocker atenolol. It is important
that these drugs are released rapidly from a formulation in order to maximise the
amount of time these drugs are present in the gastrointestinal tract because these

drugs are slow to permeate the gastric epithelium.

1.4.4 Class IV drugs

Drugs with poor solubility and poor permeability are liable to have poor oral
bioavailability, or the absorption may be so slow the oral route is not possible. Class
IV drugs include the diuretics hydrochlorothiazide and furosemide. Approaches to
overcome this problem include forming prodrugs of class IV compounds or finding
alternative routes of delivery which can significantly improve their absorption into the

systemic circulation.

1.5 Improving the solubility of drugs

Improving the solubility of poorly soluble drugs will improve dissolution and therefore
the drug will act quicker. If fast onset of action is required then a number of
parameters can be modified to improve the bioavailability of the drug. Factors that
affect the dissolution of a drug are the particle size, the wettability, the solubility and
the form of the drug (whether a salt form or a free form, crystalline or amorphous).

A decrease in particle size will cause an increase in the total surface area of drug in
contact with the gastrointestinal fluids. According to the Noyes-Whitney equation this

will cause an increase in dissolution rate (equation 1.1).
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dC _DA(C,-C)
dt h

equation 1.1
where dC/dt is the rate of dissolution, D is the diffusion coefficient of the drug in
solution, A is the effective surface area, h is the thickness of the diffusion layer, Cs is
the saturated solubility of the drug in the diffusion layer and C is the concentration of
drug in the gastrointestinal fluids.

Provided each particle is wetted by the gastrointestinal fluids, the effective surface
area exhibited by the drug will be proportional to the particle size. Hence the smaller
the particle size, the larger the effective surface area of drug and therefore the
dissolution rate is higher. Particle size reduction will only improve bioavailability if the
drug has dissolution rate limited absorption.

Particle size reduction has been shown to improve the rate and extent of oral
absorption in drugs such as digoxin, nitrofurantoin, danazol, tolbutamide, aspirin,
naproxen and ibuprofen (Aulton, 2002). The oral bioavailability of griseofulvin was
approximately doubled by the reduction in particle size from about 10 um to 2.7 ym
(Aulton, 2002). Particle size reduction techniques include; micronisation or fluid
energy milling, ball milling, spray-drying and using supercritical fluids. For some
drugs, particularly those that are hydrophobic in nature, micronisation and other
particle size-reduction techniques can result in aggregation of the material which will
not improve the effective surface area exposed to the luminal fluids and so
bioavailability is not improved. Aspirin and phenobarbitone are prone to aggregation
during particle size reduction; one approach that may overcome this problem is
milling the material with a hydrophilic carrier or wetting agent.

The effective surface area of drugs can also be increased by co-formulating a
polymer with a poorly soluble drug as a fine particle size. This is termed a solid
dispersion and the drug can be formulated as an amorphous solid to improve the
overall solubility. The dispersed particles and the fine particle size significantly
improve the effective surface area and dissolution can therefore be improved; this

has been described by Leuner and Dressman (2000). Recently Urbanetz and Lippold
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(2005) have improved the dissolution of nimodipine by the use of solid dispersions or
solid solutions.

1.6 The importance of salts

When the first ‘drugs’ or alkaloids were isolated from plant materials they were
purified as well-crystallising salts. In contrast to the free bases, the salts were found
to be water soluble and also more stable. Such properties rendered the salts ideal for
use as therapeutic agents, these included: morphine hydrochloride, atropine
sulphate, codeine phosphate, quinine sulphate, pilocarpine nitrate efc. Endogenous
biological agents commonly contain nitrogen e.g. neurotransmitters and can easily
form salts. Salt formation is a natural solution to make an organic molecule more

water soluble.

Modification of the solid state and solution properties are possible by salt formation.
The main purpose of formulating a salt is that solubility can be improved due to the
selection of an appropriate counterion. Typical pharmaceutical salt counter-ions are
shown in figures 1.5 and 1.6. Typically inorganic counterions are used to form salts
with acidic drugs, for example sodium, potassium and calcium etc which make up
90% of all the counterions used. Diethanolamine is the only organic counterion in the
group. Around 50% of basic drugs form salts with inorganic counterions and the
remaining 50% with organic counterions. The most common counterions are the
hydrochloride ion with 43% and the sodium ion with 62% usage (Stahl and Wermuth,
2002). Organic counterions are increasingly being used as salt formers as there is a
wide variety of molecules available. Usage of organic counterions has risen to up to
50% with basic drugs and organic counterions are probably under-used with acidic
drugs. The possibility of using more organic counterions, particularly with acidic drugs

means that drug properties could be further modified and improved in future.
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Figure 1.5 Distribution of the most commonly occurring salt forms for acids (anions) (Stahl and
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Figure 1.6 Distribution of the most commonly occurring salts for bases (cations) (Stahl and
Wermuth, 2002)

Salts are usually formed with weak acids and bases because using strong acids and
bases can lead to instability. Salts may be less soluble than those formed with strong
acids and bases but they are less hygroscopic and form less acidic or basic solutions
in water. A very alkaline solution will attack glass packaging and hydrochloride salts

react with propellants used in aerosol cans and will corrode the canister.
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The intrinsic pH of a drug can be altered by the formation of a salt; the pH of a weak
base can be significantly reduced by the addition of a counterion or conversely the
pH of a weak acid can be increased. As a consequence of the change in pH the
solubility rises exponentially (see section 1.11.1). This effect has important
implications in the gastrointestinal tract; a weak acid with a low intrinsic solubility will
have minimal dissolution in the stomach but will become more soluble in the small
intestine. Unfortunately as dissolution increases so absorption falls because the drug
is less likely be absorbed in the ionised form. The pH partition theory states that lipid
soluble drugs will diffuse across the epithelia by passive diffusion and therefore the
unionised form will be absorbed. In theory, a weak acid will be absorbed from the
stomach; however, in practice the massive increase in surface area provided by the
small intestine means that absorption occurs in this region. The longer residence time
in the small intestine and a lower microclimate pH at the surface of the mucosa that is
lower than that of luminal pH also aids the absorption of weak acids. Diffusion of
drugs across the unstirred layer of the surface mucosa is dependent on molecular
size. Formulating a salt provides some control of the pH of the diffusion layer which
is the saturated solution immediately adjacent to the dissolving surface also known

as the pH microenvironment.

The sodium and potassium salts of a weak acid dissolve much more rapidly than the
parent acids. This is why diclofenac, for example, is formulated as the sodium salt as
it has higher solubility than the free acid, and an immediate release preparation
contains the potassium salt (Voltarol Rapid®) which is even more soluble. These salts
would be expected to have limited dissolution in the stomach but the dissolution rate
is governed by the pH of the diffusion layer and not the pH of the bulk solution. The
buffering capacity of the salt improves the solubility in these conditions. It is thought
that when the dissolved drug diffuses out of the diffusion layer into the bulk solution,
precipitation is likely to occur in the lower gastric pH environment. Thus the free acid
form of the drug is present in the form of very fine, non-ionised wetted particles which
exhibit a very large effective surface area in contact with the gastric fluids. This large
surface area facilitates re-dissolution of the drug if more gastric fluid becomes
available or the stomach contents are emptied into the small intestine. In the intestine

the salt does not depress the pH and in the diffusion layer, pH is raised promoting
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dissolution. By controlling the diffusion layer pH, the dissolution rate can increased
substantially, independently of its position in the gastrointestinal tract. The NSAID
naproxen was first marketed as the free acid for the treatment of chronic
inflammatory conditions. However the sodium salt is has replaced its use as it has a
greater dissolution rate, is absorbed faster and is more effective for mild to moderate
pain (Sevelius et al., 1980).

Occasionally salts are prepared to decrease the solubility, particularly for suspension
formulations where low solubility is necessary to prevent ‘Ostwald ripening’, or to
prepare an extended release product. Salt formation may also confer a higher
melting point than the free acid or base and may thus improve stability. Different salts
of a drug rarely change the pharmacological action or response significantly (Stahl
and Wermuth, 2002). The new salt form will have very different physico-chemical
characteristics, any change in melting point may affect stability and the process may
produce polymorphic forms which can be difficult to isolate. Changes in solubility and
dissolution will affect the bioavailability of the drug which will consequently alter the
pharmacokinetic profile. Toxicity of any counterions will be scrutinised thoroughly by
regulatory authorities and it is important to consider only inert or non-toxic
counterions. Each potential salt form will behave differently to each other and the
parent drug and careful selection is therefore required when selecting an appropriate

counterion for use in formulations.

One of the negative aspects of salt formation is that by using a large counterion with
a high molecular weight with a drug with a low activity, may mean that a large dose is
required. Thus 20-50% of the overall weight of drug substance can be due to an
inactive counterion. This may lead to problems when tabletting; if the dose is high,
excipients are necessary to improve flow and compressibility. The final powder mix or
granule mix may require 40-70% of excipients for successful encapsulation or
tabletting, which would result in large tablets or a dose of multiple tablets. This would

reduce compliance and increase costs.

Other problems that occur commonly with salt forms are the tendency for hydrate
formation or the production of polymorphs. Hydrates may form over time, while in

storage if the formulation contains a water-bound excipient such as lactose
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monohydrate. The stability of the active compound may be impaired. In some cases,
salts prepared from strong acids or bases are freely soluble in water but are very
hygroscopic solids. This leads to instability in the formulation if the drug is in a tablet

or capsule, because the drug will slowly dissolve any absorbed moisture.

1.7 The salt selection process

Important physicochemical information is gathered on a new chemical entity once
discovery chemistry has identified an active compound. The dissociation constant
(pKa) of each ionisable group in the molecule is one of the first pieces of information
gathered; it is usually performed by potentiometric titration on an automated
instrument. Log P, the octanol-water coefficient of the molecule is another important

parameter measured using an octanol-loaded HPLC column.

Once the pK, of each ionisable group is known a number of counter-ions can be
selected. For a stable salt to form there must be a minimum difference of 3 pK, units
between the salt former and counterion (Stahl and Wermuth, 2002). This is
particularly important when the salt former is a weak acid or base where
disproportionation back to the component parts often occurs in solution, and

precipitation of the free acid or base occurs.

Once a number of potential counterions have been identified then further
physicochemical tests are required to assess crystallinity or amorphous content and
to look at possible polymorphism. Melting points are determined by differential
scanning calorimetry (DSC) and thermal gravimetric analysis (TGA) can give
information on the existence of solvates and hydrates. Crystallinity is determined by a
powder X-ray study and hygroscopicity can be evaluated by dynamic vapour sorption
(DVS). These tests can help with the identification of future problems that may hinder
the development of a dosage form. The target aqueous solubility should be over 1
mg/ml with a saturated solution pH of around that found in the gastrointestinal tract
for dissolution and absorption to be maximised. If these parameters are unfavourable

then salt formation can be used to maximise the bioavailability.
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Occasionally the properties of the free acid/base are much better than any of the
salts. This occurs frequently where the candidate base has a low pK, value, or a high
pKa value if an acid and the resulting salts are less stable than required. Salts can
also exhibit hygroscopicity particularly if they are very soluble or exhibit complex
polymorphism/pseudopolymorphism (hydration or solvation). These complex

interactions can lead to the free acid or base being considered for the formulation.

When the initial investigative experiments are concluded then it is possible to assess
the new chemical entity in terms of its crystallinity, stability, solubility in water etc.
These parameters will determine whether a salt form is required to modify the drug’s

properties to overcome any potential formulation or bioavailability problems.

1.8 Salt selection strategies

The choice of counter-ion depends on several factors. The salt should be crystalline
as ease of crystallinity allows for purification and removal of unwanted impurities.
Lack of crystallinity can lead to unpredictable amorphous/crystalline content and may
cause problems in the formulation. The prospect of uncontrolled crystallisation either

in a formulation or upon storage is not acceptable to the regulatory authorities.

Commonly basic drugs with low pK, values require strong acid groups e.g. mineral
acids or sulfonic acids to form a stable salt (hydrochloride, sulphate, citrate). Organic
acids would not be expected to form a stable salt e.g. tartrate, mesylate. In this
scenario it is likely that any salts formed may be hygroscopic or may show
polymorphism and the free acid may precipitate out once in solution. Therefore the
free acid may be the preferred form to be used in the formulation. Each salt is
selected because of historical use and previous experience with toxicity of the
counterions. There is a small range of potential counterions and there are no new
and emerging counterions because of safety concerns. Screening of a selection of
salts allows for the development of the salt with the most desirable properties.
Presently salt selection is an empirical process and is applied in the same way to
each potential salt former. A more useful scenario would be to be able to examine the
drug as a crystal structure together with its physicochemical information and predict a
potential counterion which would confer desirable properties.
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1.9 Tabletting drugs

The compression properties of most drug powders are extremely poor and require
the addition of compression aids. When the dose is less than 50 mg, tablets can
usually be prepared by direct compression which is an easy, cost effective method of
tablet formation. At higher doses the preferred method would be wet massing which
introduces potential interactions of water and temperature with the active

pharmaceutical ingredient or excipients.

Tabletted material should be plastic, i.e capable of permanent deformation, it should
also exhibit a degree of brittleness (fragmentation). Thus if the dose is high and it
behaves plastically, the chosen excipients should fragment e.g. lactose, calcium
phosphate. If the drug is brittle or elastic, the excipients should be plastic, e.g.
microcrystalline cellulose, or plastic binders should be used in wet massing. If the
dose is between 10 to 20% of the overall mass, it will influence the mechanical

properties of the formulation therefore careful choice of excipients is required.

When materials are ductile they deform by changing shape (plastic flow). As there is
no fracture, no new surfaces are generated during compression that could be
available for additional bonding so an increased lubricant mixing time does not
increase tensile strength. Plastic materials bond after viscoelastic deformation, and
because this is time dependent, increasing the dwell time will increase bonding
strength. If a material is fragmenting during compression then dwell time and
lubricant mixing time will not affect tensile strength. Fragmenting powders compress
to form brittle tablets that are hard but have a high propensity for fracture. Some
materials are elastic e.g. paracetamol, and there is very little permanent change
either by plastic flow or fragmentation caused by compression: the material rebounds
(recovers elastically) when the compression load is released. If bonding is weak the
compact will self-destruct and the top will detach (capping), or the whole cylinder
cracks into horizontal layers (lamination). Elastic material can also maintain integrity
but be very weak after compression; these properties can be improved by addition of
a plastic excipient to induce plasticity. See section 7.1.2.
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1.10 Improving the mechanical properties of drugs

Because most drug substances have flow properties that are non-ideal, it is
necessary to formulate them with suitable excipients for tabletting. If the dose is large
then there is less capacity for excipients to improve the tabletting properties. It may
be possible to improve tabletting properties with addition of a counterion (salt
formation) or to alter the structure of the drug to improve the compression properties.
This would benefit the formulation reducing the need for excipients hence producing
smaller tablets with better patient compliance. Also better mechanical properties
would benefit the tabletting process as more economical dry tablet compression
(direct tabletting, compacting replacing wet granulation) will become the technology

of choice.

It is well recognised that salt formation will affect the mechanical properties of the
drug substance; the additional number of ionic bonds may increase the brittleness,
for example. There have been few studies that examine the relationship between the
chemical lattice structures and mechanical properties or the effect of the counterion
on the mechanical properties of the drug. Sulfonic acid salts resulted in materials
deforming predominantly by plastic deformation (yield pressure), whereas mineral
acids salts underwent brittle fracture. Sun and Grant (1999) examined the salt forms
of L-lysine; the tensile strength increased linearly with the compaction pressure. At
high compaction pressures the tensile strength is determined by the interparticulate
bonding strength and at low compaction pressures, yield strength predominates.
They also found that compact tensile strength increases linearly with increasing
melting temperature of the salts. Sun and Grant (2004) found that they could improve
the mechanical properties of p-hydroxybenzoic acid with water of crystallisation; the

mechanical properties were successfully related to the crystal structure.

1.11 Selecting model drugs

Four similar molecules were selected as possible salt formers in this project. They
were chosen because they are freely available as the raw drug and did not require
extraction from a commercial formulation. Affordability was also a consideration and

the most cost-effective drugs were picked.
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An estimated half of all the drug molecules used in medicinal therapy are
administered as salts. 74% of these drugs have basic functions, and most research
has been directed at this group of drugs (Aulton, 2002). Therefore the remaining 26%
of salts contain an acidic drug e.g. many with carboxylic acid functional groups. Less
is known about this group of compounds so it becomes an attractive area for
research. Although there are many different acidic functions, the type of group
determines the salt forming ability of the active compound e.g. sulphates are not ideal
salt formers due to incomplete dissociation in solution but carboxylic acids can easily

form salts. Therefore carboxylic acids were selected as salt formers in this project.

1.11.1 Properties of carboxylic acids

Seventy-five percent of all drugs are weak bases; 20% are weak acids and only 5%
are non-ionic, amphoteric or alcohols. Carboxylic acids are weak acids, they make a
large contribution to the 20% of weak acids as drugs; they commonly have a
dissociation constant, pK, of between 4 and 5 and they can be poorly soluble in
water. The solubility of a weak acid is described by equations 1.2, 1.3 and 1.4:

S =[HA]+[47] equation 1.2

K
S= Sa[l < [—i]] equation 1.3
H+

where S is the total solubility at any given pH, S, is the intrinsic solubility of the free
acid, [HA] and [A7] represent concentrations of the undissociated and dissociated
forms, respectively, in solution and K, is the acid dissociation constant, defined as:

_[H*147]

. equation 1.4
[HA]

Weak acids such as carboxylic acids usually have poor water solubility. This is

because the acid dissociates in solution releasing hydrogen ions to make the solution
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acidic. As the solution becomes increasingly acidic the dissolution and solubility is
inhibited because there is pH dependent solubility, due to equation 1.2. If the pH of
the solution is raised then dissolution can be improved (see also section 5).

Carboxylic acids are ideal salt formers; the functional group exists as a carbon
double bonded to an oxygen and an oxygen atom attached to a hydrogen atom,
figure 1.7.

0
R4

O-H
Figure 1.7 Structure of a carboxylic acid

Oxygen is a very electronegative atom as it has a high charge density and can
accept hydrogen atoms from the environment to form hydrogen bonds. In a
carboxylic acid functional group, there is much electronegativity caused by the two
oxygen atoms being in close proximity to each other. The hydroxyl group is eclipsed
with the carbonyl group to get an overlap of T orbital with orbital of the lone pair of
electrons on oxygen. The bond angles are close to 120°. This causes the hydrogen
to be easily lost i.e. the molecule becomes ionised when in solution and this results in
a charged functional group. When the molecule becomes ionised it is said to

dissociate in solution.

Carboxylic acids can form salts due to the attraction of a positive ion to the functional
group. The positive ion can either be inorganic (Na*, K%) or organic (organic
molecules containing nitrogen can form salts). Nitrogen is an electron-donating atom
and can easily share its lone pair to form a positive ion, which is consequently
attracted to the negative charge of the carboxylic acid function. The degree of
dissociation of the two ions affects the formation of the salt; there must be ample

dissociation of each ion in solution for a stable salt to be formed.

1.11.3 Carboxylic acids as drugs
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Examples of carboxylic acids as drugs are: NSAIDs, fibrates (gemfibrozil,
bezafibrate), acetylcysteine, acetyltriyptophan,  acetyltryrosine,  alprostadi,

aminocaproic acid, B-lactam antibiotics, betamethasone, cetirazine, chlorambucil.

Nonsteroidal anti-inflammatory drugs (NSAIDs) are a group of organic acids that
have analgesic, anti-inflammatory, and antipyretic properties. NSAIDs are inhibitors
of the enzyme cyclo-oxygenase, which results in the direct inhibition of the
biosynthesis of prostaglandins and thromboxanes from arachadonic acid. There are
three forms of cyclo-oxygenase known, COX-1 which is the constitutive form of the
enzyme, and COX-2, which is the form induced by the presence of injury and
inflammation. Inhibition of COX-2 is therefore considered to be responsible for some
of the analgesic, antipyretic and anti-inflammatory properties of NSAIDs. Inhibition of
COX-1 is thought to produce some of their toxic effects, including damage to the
intestinal tract and nephrotoxicity. Selective COX-2 inhibitors may be used in
preference to non-selective NSAIDs for patients at high risk of developing serious
gastro-intestinal side effects. Selective COX-2 inhibitors include: celecoxib, etodolac,
meloxicam and rofecoxib. Propionic acid derivatives include ibuprofen, naproxen,
fenbufen, flurbiprofen, ketoprofen and tiaprofenic acid. Other drugs with similar
properties include: azapropazone, diclofenac, diflunisal, indomethacin, mefenamic
acid, piroxicam, sundilac, tenoxicam, and ketorolac. COX-3 is also an inflammatory
mediator and could represent a primary central mechanism by which paracetamol

decreases pain and possibly fever (Chandrasekharan et al. 2002).

This group of active medicinal materials are Class Il compounds, as described by the
BCS, as having dissolution rate limited absorption. Absorption of these compounds is
not usually a problem as the molecules are lipophilic, containing benzene rings or
hydrocarbon chains with carboxylic functions attached. The rate limiting step to
absorption for BCS class 2 compounds is the dissolution process. In the case of
carboxylic acids, solubility is poor in the stomach as the pH is low (below 4) and the
molecule is predominantly unionised. Dissolution occurs in the small intestine as the
pH rises along the gastro-intestinal tract; under these conditions dissolution is
promoted by the changing pH. Absorption occurs when the solid has dissolved in the
fluids in the gastro-intestinal tract; the large surface area of the intestines promotes

absorption. The limiting step is the time taken for complete dissolution which is
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controlled by gastric emptying and gut transit time. It can take up to 30-45 minutes to
achieve maximum blood levels and achieve a clinical effect e.g. ibuprofen is a
carboxylic acid, it is also an analgesic, it is therefore not ideal to wait 30-45 minutes
for pain relief. To accelerate the rate limiting step i.e. the time taken for dissolution,
would improve the clinical effect because absorption would be quicker and analgesia

would be more immediate.

The drugs selected for use are to be used as model drugs to represent Class I
compounds and practically insoluble drugs. All of the drugs selected are administered
as the free acid; although they are classified as practically insoluble in water, they are
readily absorbed from the gastrointestinal tract. Peak plasma levels of these drugs
reach a maximum between 1 to 2 hours of administration, therefore, the onset of
analgesia or clinical effect will be delayed by their poor water solubility. These drugs
are ideal candidates for salt formation as if solubility could be improved then
analgesia will be quicker. This would be ideal for treating acute pain where instant
pain relief would be preferred e.g. migraine treatment or dental pain. Ibuprofen lysine
(Nurofen advance®) and diclofenac potassium (Voltarol Rapid®) have been prepared

and are licensed for the treatment of acute pain.

1.11.4 Flurbiprofen

Flurbiprofen is a white or almost white crystalline powder. It is practically insoluble in
water (see table 1.1 for definition), freely soluble in alcohol, in acetone, in chloroform
and in ether: soluble in acetonitrile. Flurbiprofen sodium is a white to creamy-white,
crystalline powder which is sparingly soluble in water (Martindale, 1999). The
structure of flurbiprofen is shown below (figure 1.8), its chemical name is 2-(2-

Fluorobiphenyl-4-yl)propanoic acid and its molecular weight is 244.3.

F
OO«
CH
CH,
Flurbiprofen

Figure 1.8 The chemical structure of flurbiprofen
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Flurbiprofen is readily absorbed from the gastrointestinal tract with peak plasma
levels occurring about 1 to 2 hours after ingestion. It is 99% bound to plasma proteins
and has a plasma half-life of about 3 to 6 hours. It is metabolised mainly by
hydroxylation and conjugation in the liver and excreted in urine. Flurbiprofen is an
NSAID and is used to treat acute and chronic inflammatory conditions including
musculoskeletal and joint disorders. It is used for mild to moderate pain including

sprains and strains as well as migraine and dysmenorrhoea.

Flurbiprofen is given orally in divided doses of between 150 mg and 200 mg per day,
increased to 300 mg in acute or severe conditions.

Table 1.1 Solubility terms and solubility ranges as used by Martindale (1999)

Solubility
Very soluble 1in less than 1
Freely soluble 1in1to1in 10
Soluble 1in10to 1in 30
Sparingly soluble 1in30to 1in 100
Slightly soluble 1in 100 to 1 in 1000
Very slightly soluble { 1in 1000 to 1 in 10 000
Practically insoluble 1 in more than 10 000

1.11.5 Ibuprofen

Ibuprofen is also known as 2-(4-iso-butylphenyl)propanoic acid, it is a carboxylic acid
and has a molecular mass of 206.3. The structure of ibuprofen is detailed in figure
1.9. It is a white crystalline powder that is practically insoluble in water, very soluble
in alcohol and in chloroform (Martindale, 1999).

H: ?Hs (0]
c
H,C H Ny
CH,
Ibuprofen

Figure 1.9 The chemical structure of ibuprofen
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Ibuprofen is absorbed from the gastro-intestinal tract and peak plasma levels occur 1
to 2 hours after administration. It is 90 to 99% bound to plasma proteins and has a
plasma half life of about 2 hours. It is rapidly excreted from the urine mainly as
metabolites and their conjugates. Ibuprofen is a racemic mixture containing the
inactive (R)-enantiomer, some of which is converted to the active (S)-enantiomer by

metabolic processes.

The dose by mouth for painful conditions in adults is 1.2 to 1.8 g daily in divided
doses,; the maximum daily dose is recommended to be 2.4 g. Ibuprofen is usually

given as the free base but the lysine salt is licensed for the treatment of migraine.

1.11.6 Etodolac

Etodolac is a non-steroidal anti-inflammatory drug; it is classified as a selective COX-
2 inhibitor and so is expected to have less gastrointestinal side-effects than
conventional NSAID’s. It is a white or almost white crystalline powder which is
practically insoluble in water and freely soluble in alcohol (Martindale, 1999). Its
chemical name is 1,8-Diethyl-1,3,4,9-tetrahydropyranol[3,4-blindol-1-ylacetic acid
and it has a molecular mass of 287.4. The structure of etodolac is detailed in figure
1.10.

Figure 1.10 The chemical structure of etodolac

Etodolac is a chiral compound given as a racemic solution containing the active (S)-
enantiomer and the inactive (R)-enantiomer. Peak plasma levels are usually obtained
within 2 hours of administration by mouth; both enantiomers are tightly bound to
plasma protein. The plasma half life of total etodolac has been reported to be about 7
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hours; excretion is predominantly in the urine, it is hydroxylated in the liver and also

excreted as glucuronide conjugates.

Etodolac is an anti-inflammatory used for the treatment of mild to moderate pain; it is
used for rheumatoid arthritis and osteoarthritis and for the treatment of acute pain.
The recommended dose is 600 mg per day and it is available as a modified release

tablet with a once daily dosage regime (Lodine SR®).

1.11.7 Gemfibrozil

Gemfibrozil is a lipid regulating drug; it is a carboxylic acid known as 2,2-Dimethyl-5-
(2,5-xylyloxy)valeric acid with a molecular mass of 250.3 (figure 1.11). It is a white
waxy crystalline powder with a melting point of 58-61 °C (Martindale, 1999). It is

practically insoluble in water, soluble in alcohol and chloroform.

H,
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H,C G o
3 H, H,
Gemfibrozil

Figure 1.11 The chemical structure of gemfibrozil

Gemfibrozil is readily absorbed from the gastrointestinal tract, peak concentrations in
plasma occur within 1 to 2 hours, the half life is about 1.5 hours. Plasma protein
binding of gemfibrozil is about 98%; about 70% of a dose is excreted in the urine
mainly as glucuronide conjugates of gemfibrozil and its metabolites. It is given via the
oral route in 2 divided doses given 30 minutes before morning and evening meals.
The dosage may vary between 0.9 and 1.5 g daily.

Gemfibrozil is a fibric acid derivative and is a lipid regulating drug. It is used in the
treatment of hyperlipoproteinaemias. Gemfibrozil reduces serum triglycerides by
reducing the concentration of very-low-density lipoproteins (VLDL). It reduces
elevated plasma concentrations of cholesterol to a lesser extent, but the effect is

variable. Gemfibrozil displaces other protein bound drugs including warfarin,
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tolbutamide, phenytoin, frusemide. Fibrates may enhance the effects of oral
anticoagulants and the dose may have to be reduced. There is an increased risk of
myopathy if fibrates are given concurrently with statins, this is the major reason why
the use of fibrates has reduced dramatically over the last 5 years. Also the
introduction of statins; has eclipsed the use of fibrates as they have a better side
effect profile and they reduce total serum triglyceride concentration (Martindale,
1999).

1.12 Selecting counterions

Conventional counterions including sodium, potassium and calcium have been widely
used to form salts with NSAIDs to improve the solubility and dissolution (Anderson
and Conradi, 1985; O’Connor and Corrigan, 2001a). Although amine counterions
account for less than 5% of salt forms, the potential number of counterions in this
group is huge. The chemical construction of amines can be altered at will and specific

counterions can be synthesised easily to represent particular molecules.

Three groups of counterion were identified for investigation:
e The effect of chain length on salt formation including solubility and physico-
chemical characteristics
¢ The effect of an unsaturated ring versus a saturated ring on solubility

e The effect of increasing hydrophilicity on solubility

1.12.1 Homologous alkyl series

The effect of chain length on salt formation and solubility was investigated using an
amine chain. Butylamine (C4), pentylamine (C5), hexylamine (C6), octylamine (C8)
and decylamine (C10) are commercially available (figure 1.12) and were used to
make a homologous series. Butylamine, pentylamine efc. are available as liquids,
they are insoluble in water but freely soluble in alcohols and acetonitrile. Below C3
the amines were available as gases and were therefore unsuitable for use. The pKa
of the amines are approximately 103 (SPARC online calculator,

http://ibmlic2.chem.uga.edu/sparc/index.cfm) and salt formation will therefore not be a

foreseeable problem with the drugs selected.
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NN, Butylamine

AN, Pentylamine
™ Hexylamine
NN N, Qctylamine
NN, Decylamine

Figure 1.12 The chemical structure of the homologous series of linear chain amines

1.12.2 Cyclic compounds

Benzylamine has an unsaturated benzene ring attached to an amine group, it has a
pKa of 9.4 (figure 1.10). Cyclohexylamine (figure 1.13) has an amine group directly
attached to a saturated ring (C6), it is therefore a stronger base than benzylamine
and has a pK, of 10.5. They are liquids at room temperature and freely soluble in

alcohols but insoluble in water.

Benzylamine Cyclohexylamine

Figure 1.13 The chemical structures of benzylamine and cyclohexylamine

1.12.3 Hydrophilic series (hydroxyl substituted tert-butylamine)

A hydrophilic series was devised from tert-butylamine as the initial molecule. Tert-
butylamine was considered suitable as each methyl group could easily be substituted
with hydroxyl functional groups. Tert, AMP1, AMP2 and tris were all commercially
available; the chemical structure of each counterion is detailed in figure 1.14. Tert-

butylamine is a liquid at room temperature, it is freely soluble in alcohols and



acetonitrile and it has a pK, of 10.5. 2-amino-2-methylpropan-1-ol is also a liquid at
room temperature; it is freely soluble in alcohol and acetonitrile and has a pK; of 9.2.

Me Me
M NH, Me:—I—MH2
e CH,OH
Tert-butylamine (tert) 2-amino-2-
methylpropan-1-ol
{AMP1, ol)
Me CH,OH
CHZOH—|—NH: CH;OH+tvIH:
CH,OH CH,OH
2-amino-2-methypropan- Tromethamine
1,3-diol (AMP2, diol) (tris)

Figure 1.14 The chemical structures of hydroxyl substituted tert, AMP1, AMP2 and tris

2-amino-2-methylpropan-1,3-diol has a pK, of 7.9, it is a solid at room temperature.
Tris has a pKa of 6.4, it is a solid at room temperature and is soluble in methanol
(Data sheet, Sigma-Aldrich).

1.13 Toxicology considerations

The safety considerations of potential counterions are closely related to their
abundance in the body under normal physiological conditions. As long as their intake
is marginal compared to their intake by food and beverages then there is no safety
concern (Stahl and Wermuth, 2002). Sodium, potassium, calcium and magnesium
are all regularly consumed and have no safety concerns. Denser metals e.g. lithium
are less suitable as they exert a physiological response, lithium is used in the
treatment of manic depressive disorders. The essential amino acids have no safety
concern as do other bases that are rapidly metabolised and eliminated before they
can exert toxic effects.

Tromethamine (tris) has been used as a counterion to form salts with carboprost,
ketorolac, lodoxamide, desglugastrin, fosfomycin (Stahl and Wermuth, 2002). In July
1981 the tris salt of prostaglandin Fq was approved by the FDA for abortion of
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feedlot cattle. The tris salt of ketorolac has been approved by the FDA in 1991 for

oral administration (Approved Drug Products, 1992). Perindopril tert-butylamine has

been approved by the FDA and MCA for the treatment of hypertension; it is usually

administered as a 2 or 4 mg dose once daily. The daily dose of the drug is small

therefore the amount of amine entering the systemic blood circulation will also be

small, minimising any toxicity.

1.14 Experimental aims and objectives

The main aim was to form amine salts for a series of carboxylic acid drugs and to

explore the relationships between their physicochemical and mechanical properties.

The experimental objectives were:

To form amine salts with a selection of carboxylic acid drugs.

Investigate the physicochemical characteristics of the salts using a range of
analytical techniques

Improve the solubility and dissolution of the carboxylic acid drugs.

Form rules using the physicochemical characteristics of the salts to identify the
counterions that most enhance solubility and dissolution.

Investigate how different counterions affect the solubility by looking at the
crystal structure

Characterise the mechanical properties of drug and salt powder by
compressing the powders and testing the compact

Identify a suitable mechanical test and instrument to investigate the
mechanical properties of drug and salt compacts

Investigate the effect of the counterion on mechanical properties

Form rules to identify which counterions consistently improve compression
properties

Relate solubility and mechanical properties to salt selection
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The first four objectives are addressed in Chapters 2 — 5. The fifth objective is dealt
with in Chapter 6, and the next four objectives in Chapter 7. The integration of

concepts and results envisaged in the final objective is presented in Chapter 8.
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Chapter 2 HPLC methods and pH measurement

2.1 HPLC

There was no internal standard used in the following experiments as the analysis of
samples was straightforward because no mixtures were used. In each case the drug
was dissolved in a solvent that did not absorb UV radiation and the counterions did
not interfere with the analysis of the drug at the selected wavelength of analysis. It
was considered appropriate to produce a calibration curve of the concentration range
of interest before the experiment. The injection volume was accurately delivered
reproducibly by the Aligent auto sampler therefore an internal standard was not

required.

2.1.1 General Method for HPLC analysis
2.1.1.1 Materials

Purity was assigned as 100% for the parent compound as the same batch of drug
was used for sample, salt and standard preparations throughout. Acetonitrile and
orthophosphoric acid were supplied from Aldrich (Poole, UK). Double-distilled water
was produced in-house using a Fison’s FiStreem still. All materials were of analytical,

pharmaceutical or HPLC grade as appropriate.

2.1.1.2 Equipment

The HPLC system comprised a Hewlett Packard Aligent 1100 system with G1312A
Binary Pump, G1313A ALS Auto-injector, G1316A COLCOM column section and a
G1314A VWD variable wavelength detector. The HPLC was controlled by

Chemstation software which ran on Windows 2000.

2.1.1.3 Method
All calibration and sample dilutions were made with solvent mixture (65:35
acetonitrile:water); each drug was freely soluble in this mix. Linear regression

analysis was performed on a plot of standard concentration against peak area and
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the resultant equation of the line was used to calculate the sample concentration
from the response.

2.1.2 Gemfibrozil assay by HPLC

2.1.2.1. Materials
Gemfibrozil was supplied by DiPharma (Italy) and was of USP-BP grade.

2.1.2.2 Methods
Working standards of 0.01 to 0.75 mg/ml were prepared by serial dilution from a

stock solution of 1 mg/ml; the specific concentration range was dependent on the
experiment.

The chromatographic conditions were:

Injection volume 20 or 1

Mobile phase : Acetonitrile:water 65:35 (phosphoric acid 0.005% v/v)
Wavelength : 276 nm

Flow rate : 1 ml/min

Run time : 7 minutes

Column : Thermo ODS-2 Hypersil 150 mm x 4.6 mm 5 pm

2.1.2 Example Data

A typical chromatogram of gemfibrozil is presented in figure 2.1:
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Figure 2.1 Typical HPLC chromatogram gemfibrozil (concentration 0.5 mg/ml at 276 nm).

Typical calibration data and UV scans for gemfibrozil are in appendix A.

2.1.3 Flurbiprofen assay by HPLC

2.1.3.1 Materials
Flurbiprofen was supplied by Erregierre (ltaly) and was of USP grade.

2.1.3.2 Method

Working standards were prepared by serial dilution of a stock solution to produce
standards in the range of 0.001, 0.01 0.1, 0.5, 1, 2, 3 mg/ml in 65:35
acetonitrile:water, the exact concentration range was dependent on the experiment.

The chromatographic conditions were:

Injection volume 20 pl, 1 pl

Mobile phase : Acetonitrile:water 65:35 (phosphoric acid 0.005%)
Wavelength : 250 nm

Flow rate : 1 ml/min

Runtime : 6 minutes

Column 3 Thermo ODS-2 Hypersil 150 mm x 4.6 mm 5 ym
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2.1.3.3 Example data
A typical chromatogram of flurbiprofen is presented in figure 2.2:

' VWD1 A, Wavelength=250 nm (FLURBI\25MAY001.D)
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Figure 2.2 Typical HPLC chromatogram of flurbiprofen (concentration 1 mg/ml at 250 nm).

Typical UV scans and example calibration data for flurbiprofen are in appendix A.

2.1.4 Ibuprofen HPLC assay

2.1.4.1 Materials
Ibuprofen was supplied by GSK (Weybridge, UK).

2.1.4.2 Method
Working standards were prepared by serial dilution of a stock solution to produce
standards in the range of 0.001-3 mg/ml, the exact concentration range dependent

on the experiment.

Chromatographic conditions:

Injection volume 1l

Mobile phase : Acetonitrile:water 65:35 (phosphoric acid 0.005%)
Wavelength : 225 nm

Flow rate : 1 ml/min

Runtime : 7 minutes
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Column

2.1.4.3 Example data

Thermo ODS-2 Hypersil 150 mm x 4.6 mm 5 pm

A typical chromatogram for ibuprofen is presented in figure 2.3.
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Figure 2.3 Typical chromatogram of ibuprofen (concentration 1 m/ml at 225 nm).

Typical calibration data and UV scans for ibuprofen are in appendix A.

2.1.5 Etodolac assay by HPLC

2.1.5.1 Materials

1

Etodolac was supplied by Ulkar Kimya (Istanbul) and was considered 100% pure for

all experiments.

2.1.5.2 Method/chromatographic conditions

Working standards were prepared by serial dilution of a stock solution to produce

standards in the range of 0.01 to 10 mg/ml, the exact concentration range dependent

on the experiment.

Chromatographic conditions:

Injection volume

Mobile phase
Wavelength

Flow rate

1l
Acetonitrile:water 65:35 (phosphoric acid 0.005%)
254 nm

1 ml/min
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Runtime ; 6 minutes
Column : Thermo ODS-2 Hypersil 150 mm x 4.6 mm § ym

2.1.5.3 Example data

A typical chromatogram for etodolac is presented in figure 2.4.
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Figure 2.4 Typical HPLC chromatogram of etodolac (concentration 2 mg/ml at 275 nm).

Typical calibration data and UV scans for etodolac are in appendix A.

2.1.6 Naproxen HPLC assay

2.1.6.1 Materials
Naproxen was supplied by Sigma-Aldrich (Poole, UK).

2.1.6.2 Method/chromatographic conditions
Working standards were prepared by serial dilution of a stock solution to produce
standards in the range of 0.01 to 1 mg/ml in 65:35 acetonitrile:water, the exact

concentration range dependent on the experiment.

Chromatographic conditions:

Injection volume 1l

Mobile phase : Acetonitrile:water 65:35 (phosphoric acid 0.005%)
Wavelength : 225 nm

Flow rate : 1 mi/min

Runtime : 5 minutes
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Column : Thermo ODS-2 Hypersil 150 mm x 4.6 mm 5 ym

2.1.6.3 Example data

A typical chromatogram for naproxen is presented in figure 2.5.
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Figure 2.5. Typical HPLC chromatogram of naproxen (concentration 1 mg/ml at 225 nm).

Typical calibration data and UV scans for naproxen are in appendix A.

2.1.7 Piroxicam assay by HPLC

2.1.7.1 Materials
Piroxicam was supplied by Sigma-Aldrich (Poole, UK) and was considered 100%

pure.

2.1.7.4 Method/chromatographic conditions

Working standards were prepared by serial dilution of a stock solution to produce
standards in the range of 0.01 to 1 mg/ml in 65:35 acetonitrile:water, the exact
concentration range dependent on the experiment.

Chromatographic conditions:

Injection volume 1 Ml

Mobile phase ; Acetonitrile:water 65:35 (phosphoric acid 0.005%) plus 2-
3 drops of triethylamine per 500mi



Wavelength : 254 nm

Flow rate : 1 ml/min
Runtime : 6 minutes
Column : Thermo ODS-2 Hypersil 150 mm x 4.6 mm 5 ym

2.1.7.3 Example data
A typical chromatogram for piroxicam is presented in figure 2.6.
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Figure 2.6 Typical HPLC chromatogram for piroxicam (concentration 1 mg/ml and 254 nm).

Typical calibration data and UV scans for piroxicam are in appendix A.

2.3 pH measurements

pH measurements were determined with a Mettler Toledo MP 230 pH meter to 3
decimal places. The instrument was calibrated before use with standard pH buffer
solutions (Fisher, Loughborough, UK), i.e. pH 7 and either pH 4 or 10 depending on

the region of interest.
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Chapter 3 Preparation and characterisation of salts of

model acidic drugs

3.1 Introduction

The drugs selected were:
e etodolac, an NSAID with selective COX-2 inhibition; it is available as Lodine
SR®.
o flurbiprofen, NSAID prescribed generically for arthritis and dysmenorrhoea
(Froben®)
« gemfibrozil, a fibrate used to lower serum triglycerides (Lopoid®)
e ibuprofen, a NSAID available generically and launched as an over-the-

counter product in 1983 as Nurofen®.

Four carboxylic acids were selected because they were:
e commonly used molecules,
« they had limited solubility in water (solubility below 1 mg/ml),
e BCS class || compounds,
¢ readily available,

+ potential salt formers

The molecular structures of the drug molecules are shown in Appendix A.

Inorganic ions have traditionally been used to form salts with acidic drugs,
commonly sodium, potassium or calcium ions. Examples include: diclofenac
sodium (Voltarol®), diclofenac potassium (Voltarol Rapid®). Recently alternative
counterions have been explored due to limitations using the inorganic ions. For
example amino acids have been used successfully, e.g. Nurofen Advance®
contains ibuprofen lysine licensed for the treatment of migranes, a condition that
requires rapid analgesia. Amine counterions are an emerging group of counterions
suitable for salt formation; this is a large group so the variety of molecules available

containing large, small and differently shaped hydrocarbon groups is enormous.
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Although there are concerns over the safety of secondary amine molecules, if the
salt forming group is small compared to the drug then these problems can be
minimised.

A linear homologous amine series was selected to form salts with the carboxylic
acids, in which the chain length increased. This included butylamine (4C
hydrocarbon chain) and extended to octylamine (8C hydrocarbon chain). This
series was chosen to observe and understand the effect of chain length on salt
formation and solubility of the salt form. A saturated cyclic counterion was chosen,
cyclohexylamine together with an unsaturated cyclic molecule, benzylamine to
examine the effect of saturation of the ring structure on solubility. A hydrophilic
series was also used based on the tert-butylamine molecule. Sequential
substitution of each methyl group with hydroxyl groups produced a series of
increasing hydrophilicity as the number of hydroxyl groups increased. They were
used to investigate the effect of increasing hydrophilicity on salt formation and
solubility. The structures of the amine counterions used in these studies are
illustrated in Appendix A.2.

3.2 Salt Preparation

3.2.1 Introduction

Salts were formed with gemfibrozil (DiPharma, ltaly), flurbiprofen (Erregierre, Italy),
ibuprofen (GSK, Weybridge, UK) and etodolac (Ulkar Kimya, Istanbul). These
substances are all carboxylic acids and readily formed salts with the amine

counterions used.

3.2.2 Homologous alkylamine series

3.2.2.1 Materials

The counterions: propylamine, butylamine, hexylamine, octylamine and decylamine
were supplied by Sigma-Aldrich (Poole, UK). Pentylamine was supplied by Fluka
chemicals (Poole, UK), acetonitrile was supplied by Fisher (Loughborough, UK). All

materials were of pharmaceutical, analytical or HPLC grade as appropriate.
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3.2.2.2 Methods

The method of salt preparation was adapted from Anderson and Conradi (1985).
0.01 moles (a table of weights used is detailed in table 3.1) of drug and counterion
were accurately measured on a Sartorius bench top balance; each material was
dissolved in 40 ml of acetonitrile. The solutions were added together and produced a
precipitate which was recovered by filtration under vacuum. If a precipitate did not
form immediately the solution was stored at -4°C for 12 hours (or until a precipitate
formed) and then filtered under vacuum. Products were dried overnight at 40°C under
vacuum using a Gallenkamp vacuum oven. The powders were stored in sealed

containers at room temperature until used.

Table 3.1 Weights and volumes of reagents used in salts preparation.

Material Molecular | Density | Quantity Material Molecular | Density | Quantity
weight glcc used weight glcc used
Etodolac 287.4 - 28744 Benzylamine 107.16 0.981 1.09 mi
Flurbiprofen | 244.3 - 2443 g Cyclohexylamine | 99.18 0.87 1.14 mi
Gemfibrozil | 250.3 - 2.503 ¢ Tert-butylamine | 73.14 0.696 1.05 ml
Ibuprofen 206.3 - 2.063g AMP1 89.14 0.931 0.96 ml
Butylamine | 73.14 0.722 1.01 ml AMP2 105.14 - 1.051g
Pentylamine | 87.17 0.753 1.16 ml Tris 121 - 1.210g
Hexylamine | 101.19 0.766 1.32 mi Octylamine 128.25 0.782 1.65 ml

3.2.3 Hydrophilic series

3.2.3.1 Materials

The counterions: tert-butylamine (tert), 2-methyl-2-aminopropan-1-ol (AMP1), 2-
methyl-2-aminopropan-1,3-diol (AMP2) and tris(hydroxymethyl)aminomethane base
or tromethamine (tris) were supplied by Sigma-Aldrich (Poole, UK). Acetonitrile and
methanol were supplied by Fisher (Loughborough, UK). All materials were of

pharmaceutical, analytical or HPLC grade as appropriate.

3.2.3.2 Methods
The method of salt preparation for the tert-butylamine and AMP1 counterions was

identical to that described in section 3.2.2.2. To prepare the salts of AMP2 and tris,
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each counterion (0.01 moles) was dissolved in a warmed solution of methanol (40
ml). This was then added to solution of the drug in acetonitrile (40 mi). The precipitate
was collected and dried as detailed in section 3.2.2.2.

3.2.4 Cyclic compounds
3.1.4.1 Materials

The counterions: benzylamine and cyclohexylamine were supplied by Sigma-Aldrich
(Poole, UK). Acetonitrile was supplied by Fisher (Loughborough, UK). All materials
were of pharmaceutical, analytical or HPLC grade as appropriate.

3.2.4.2 Methods

The method of salt preparation was as in section 3.2.2.2.

3.3 Structural analysis

3.3.1 Introduction

The aim of this section was to examine the solid state properties of the model drugs
and the salts formed with the amine counterions. It is important to characterise the
salts using as many analytical techniques as possible to gain an understanding of the

properties of the salt forms with a view to relating them to solubility.

Once the salt had been formed, it was important to determine that a salt species had
actually been made. This was confirmed by FTIR, NMR and purity experiments. It
was also essential to confirm that a true salt had been made and it had the correct
ratio of atoms within the molecule; this was done by NMR. A true salt was expected
to: have one melting point, for one mole of acid to form a salt with one mole of base,

to be crystalline and to have an approximately neutral solution pH.
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3.3.2 Yield and salt purity
3.3.2.1 Materials

The amine salts were produced as detailed in section 2.2. Acetonitrile (Fisher,
Loughborough) was of HPLC grade, double distilled water was generated in-house

using a Fisons Fi-streem still.

3.3.2.2. Equipment
A multipoint magnetic stirrer (Variomag) set at 500 rpm was used for sample

preparation. HPLC equipment was used as detailed in section 2.1.1.2.

3.3.2.3 Methods

Eight salts were selected to determine their relative purity: F hex, F benz, F cyclo, F
tert and G hex, G benz, G cyclo, G tert. This was done by measuring the amount of
parent drug in the salt and this was compared with the theoretical ratio. Each salt
(100 mg) was accurately weighed and placed in a 100 ml class B volumetric flask
and made up to volume with acetonitrile:water 65:35 solvent to give a solution of 1
mg/ml. 1 ml was placed in a 10 ml class B volumetric flask and filled to volume with
solvent mix. The solution was then analysed by HPLC with appropriate calibration

standards.

3.3.2.4 Results

The model drug content was determined for all eight salts (table 3.2 and 3.3). The
yields were between 90-100 % for all the salts tested. The salts were not further
purified by crystallisation because this would have extended the manufacturing time
beyond a reasonable level. It was important to keep the manufacturing time as short
as possible as a lot of material was required for the solubility, dissolution and

compression work.
This method of salt formation was satisfactory in producing a reasonable yield, with

little wastage and an acceptable level of purity. The method of salt formation was

deemed to be appropriate because of the following reasons:
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e Simple procedure

o Ease of precipitation and recovery

¢ Short manufacturing time

e Large batches possible (up to 5 g)

e Purity of over 90%

Table 3.2 Purity of four selected amine salts of flurbiprofen

% flurbiprofen content

(experimental)

% flurbiprofen
content (theoretical)

Purity of flurbiprofen
salts (% of theoretical)

F.hex 69.8 70.7 96
F.benz 68.8 69.5 99
F.cyclo 68.2 71.2 90
F.tert 69.3 77 99
Table 3.3 Purity of four selected amine salts of gemfibrozil
% gemfibrozil content | % gemfibrozil content Purity of gemfibrozil

(experimental)

(theoretical)

salts(% of theoretical)

G.hex 66.8 71.7 93
G.benz 66.3 71.2 93
G.cyclo 64.7 701 92
G.tert 72.2 77.4 93

3.3.3 Confirmation of salt formation

The salts are formed by combining an amine (R-NH;") ion with an organic carboxylic

acid (model drug-COO"). As these ions have a valency of one they are expected to

combine to give a neutral molecule at a 1:1 ratio. The loss of the COO" group is

expected to be confirmed by Fourier Transform Infra-red spectrocscopy (FTIR),

whereas the 1:1 ratio was investigated by nuclear magnetic resonance spectroscopy

(NMR). The total proton count will confirm salt formation.
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3.3.3.1 FTIR

IR spectroscopy uses electromagnetic radiation ranging between 500 cm™ and 4000
cm™ which is passed through a sample and is absorbed by the bonds of the
molecules in the sample, causing them to stretch or bend. The wavelength of the
radiation absorbed is characteristic of the bond absorbing it. The advantage of FTIR
over conventional IR spectroscopy is that several scans can be taken very quickly
and averaged to improve the signal:noise ratio for the spectrum. IR provides a
qualitative fingerprint check for the identity of drugs and polymorphs as fingerprint
regions are unique to the compound being examined. It can be used to identify the
presence or absence of carbonyl groups, which can be difficult to check by any other
methods. IR is rarely used for quantitative analysis because of relative difficulty in
sample preparation and the complexity of the spectra. The technique suffers because
sample preparation requires a level of skill and not all materials compress well to
form disks; this means that it may not be possible to analyse certain materials. Some
of the salts were so poorly compressible that FTIR was not possible. IR can only

usually detect gross impurities within a sample.

3.3.3.1.1 Materials

Potassium bromide (KBr) of FTIR grade was supplied by Sigma-Aldrich (Poole, UK)
and kept free of moisture in a desiccator. The salts used were made as detailed in
section 3.2.

3.3.3.1.2 Equipment

Disks for analysis were prepared with a Specac KBr press using a 13 mm die. A
Unicam Mattson 3000 FTIR was used to analyse the samples and Galaxy software
was used to interpret the results.

3.3.3.1.3 Method

Approximately 1 mg of sample was ground to a fine powder in a marble mortar
together with approximately 10 mg KBr to form a fine powder. A small amount of
sample was placed in the die and subjected to 8 tonnes pressure for 6 minutes to

form a thin opaque disk.
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3.3.3.1.4 Results and discussion

The signal at 1684 cm™ in the spectrum for the model drugs was attributed to a C=0
stretching of the carboxylic acid group (Silverstein and Webster, 1998; Palomo et al.,
1999; O’Connor and Corrigan, 2001). Salt formation was confirmed by: the absence
of the 1684 cm™ carboxylic acid peak; the presence of bands characteristic of
carboxylic acid salts, at 1650-1550 cm™ and 1440-1335 cm™ (Socrates, 1994); and
absorption at 3350-3150 cm™, attributable to NH3" stretching of solid amine salts
(Socrates, 1994). This method has been used previously by O'Connor and Corrigan
(2001) and allowed confirmation of salt formation. Examples of spectra are in
appendix C.

3.3.3.2NMR

The principle of NMR is that radiation is used to excite the nuclei of the atoms,
usually protons (hydrogen atoms) or carbon-13 atoms, so that in an extreme
magnetic field their spins switch from being aligned with, to being aligned against, an
applied magnetic field (Watson, 1999). The range of frequencies required for
excitation and the complex splitting patterns produced are very characteristic of the
chemical structure of the molecule. It is a very powerful technique that is used to
derive the exact structure of a material once the chemical formula is known. It can
detect impurities at a low % w/w level, including enantiomeric impurities.

The sample is placed in a narrow glass NMR tube and is spun in a fixed magnetic
field by way of an air turbine, thus ensuring uniformity of the magnetic field across the
sample in a horizontal direction. The sample is analysed in deuterated solvent to
ensure there is no interference from protons in the solvent. The reference point is
taken as 7.25 ppm relative to tetramethylsilane (TMS) as this is the frequency at
which the residual proton in chloroform absorbs. As well as determining the
frequency at which protons in the molecule absorb, the instrument determines the
area of each signal, which is proportional to the number of protons absorbing
radiation, e.g. three protons give an area three times as large as a signal due to one
proton in the same molecule. Thus this technique can be used to identify salt
formation.

Proton (*H) NMR (200-600 MHz) is the most commonly used form of NMR because
of the large amount of structural information it yields. The exact absorption or

resonance frequency of a proton depends on its environment; proton shifts depend
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on the strength of the magnetic field required to excite a proton. The proton shift is
determined by the degree of shielding provided by the groups to which it is attached.
If the hydrogen atom in question is attached to an aromatic ring, the chemical shift, o,
will increase due to the electron withdrawing nature of the conjugated ring. The more
a proton is shielded by its environment, the lower the o value, e.g. alkyl protons such
as CH3; and CH; groups not attached to electronegative groups resonate between &
0.2-2 ppm. Protons on CH3, CH2 and CH groups attached to electronegative atoms
or groups such as O, N, F, C=0 resonate between & 2-5. Protons attached to

aromatic rings resonate between 3 6-9.

3.3.3.2.1 Materials
Deuterated chloroform was supplied by Sigma-Aldrich (Poole, UK). The salts used
were made as detailed in section 3.2.

3.3.3.2.2 Equipment
The samples were analysed on a Bruker AC 250 NMR (250 MHz) and a MAC

Quadra 800 PC using WIN-NMR V3.0 software was used to interpret the resuilts.

3.3.3.2.3 Method

Samples of approximately 10 mg were dissolved in 10 ml of deuterated chloroform
and placed in a sample capillary vial, to a height of 10-15 cm. The vial was placed in
the NMR machine and the sample was tested for the presence of hydrogen atoms
("H-NMR).

3.3.3.2.4 Results and discussion

All the samples had the correct number of hydrogen atoms present. This was
determined by summing the integration parameters and comparing to the number of
hydrogen atoms in the sample. The traces confirmed that the salts had formed in a
1:1 ratio and that they were over 90% pure, as the NMR traces had an acceptable
signal to noise ratio. The parent drugs were also analysed and were found to be free

of impurities. An example of a NMR trace is in appendix C.
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3.4 Physicochemical characteristics

3.4.1 Introduction

This section is designed to gain an understanding of the physicochemical attributes
of each model drug and salt in order to provide an explanation for variations in the

behaviour of each salt form and to explore if there are any patterns in behaviour.

3.4.2 Differential scanning calorimetry (DSC) and Thermogravimetric
analysis (TGA)

Determination of melting point is an important part of assessing solubility; theory
suggests that and increase in melting point will result in a decrease in solubility. This
is because as it takes more energy to break bonds and melt a material so it will take
more energy to allow water molecules to break intermolecular bonds. It has been
found that solubility and melting point are related and this section aims to describe
the relationship between salts and melting point. Rubino (1989) discovered an
inverse relationship when the logarithm of solubility for a range of sodium salts of
drugs was plotted against melting point.

Perkin Eimer DSC uses a power-compensated system which incorporates separate
heaters for both sample and reference. Sample and reference are maintained at the
same temperature resulting in different amounts of heat being supplied to each part
as appropriate. The difference in power supply to the heaters is monitored. Heating
rates of 0.1 to 400 °C/minute are possible in 0.1 °C increments with a temperature
range of -170-725 °C with the Diamond DSC controlled by Pyris software. Hyper-
DSC is now possible using elevated heating rates (200-400 °C) to determine thermal
events not visible at lower heating rates e.g. the detection and quantitation of
amorphous material in crystalline samples (Saunders et al. 2004). Sample sizes are

usually between 3-5 mg and for Hyper-DSC can be as little as 1 mg.
TGA utilises a thermobalance, which allows constant monitoring of sample weight as

a function of temperature. This can involve heating or cooling a sample at a

controlled rate or maintaining the sample at a fixed temperature. The sample is
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contained in a furnace with a microbalance monitoring the change of weight over time
or over a temperature range. The furnace normally operates between -40-400 °C and
large sample sizes are required to give an adequate weight loss for measurement on
the microbalance (10-20 mg). This technique is ideal for looking at solvates and
hydrates, as in conjunction with DSC, can identify at what temperature the solvent
evaporates and TGA can be used to calculate the molar ratio of material:water in a

hydrate.

3.4.2.1 Materials
The salts used were made as detailed in section 2.2. The model drugs were obtained

from as in section 2.2.1.

3.4.2.2 Equipment

A Perkin EImer PYRIS Diamond DSC with an Intracooler 2P was used to analyse the
samples and PYRIS software was used to interpret the results. Aluminium holed
pans were used to encase the sample before analysis.

TGA was performed on a Thermal Analysis TGA 4 instrument owned by Biristol
Myers Squibb, Moreton, Wirral, UK.

3.4.2.3 Method

The DSC methodology was as follows: Approximately 3 mg of sample was accurately
weighed into the sample pan using a Kern 770 five decimal place balance and sealed
in a press. Three samples were prepared of each material and analysed under the

same conditions.

The program used a scan rate of 10 °C/min from 0 °C to a maximum of 250 °C or a
temperature exceeding the melt, using nitrogen as the purge gas at 40 mi/min. The
equipment was calibrated with an indium sample to ensure reliable results. The
instrument method was identical for both DSC and TGA.

3.4.2.4 Results and discussion
Melting point information and enthalpy of fusion data are summarised in table 3.4 and
3.5 for the model drugs and their amine salts. DSC scans of selected materials are

illustrated in figures 3.1 and 3.2. All other DSC scans are found in appendix C.
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The data shows that on addition of an amine counterion to the model drug, a
crystalline product is formed with a sharp melting point(s), the melting points of the
salt forms are greater than for the parent.

For all homologous series of salts (gemfibrozil, etodolac, flurbiprofen and ibuprofen)
there is a reduction in melting point and AHJ/g as chain length increases. The salts of
gemfibrozil and ibuprofen have a lower melting point than the parent as chain length
increases beyond 4 carbon units. The AHJ/g values have been calculated by the
program by using the initial mass information and the energy measured. AHJ/g has
been converted to kJ/mole and is the energy required to break the bonds and as this
is a positive value the reaction is endothermic, in the traces this is indicated by a
peak. AHkJ/mole gives an indication of the total energy required to break the crystal
lattice, melting point reduces as chain length increases and AHkJ/mole reduces also.
This result may be due to an increased chain length creating disorder in the crystal

lattice making it break apart more easily.
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Table 3.4 Melting points and enthalpies of fusion for the amine salts of etodolac and
flurbiprofen determined using DSC. (n=3) Mp indicates Melting Point.

Etodolac and | Mp°C Enthalpy of | Flurbiprofen Mp °C Enthalpy of |
salts fusion and salts fusion
kJ/mole kJ/mole

Drug 151-153 294 Drug 115-117 247
Butylamine 148-155 25.2 Butylamine 139-141 23.6
Pentylamine 109-111 23.0 Pentylamine 93-96 10.7
Hexylamine 140-143 28.8 Hexylamine 87-91 275
Octylamine 111-113 276 Octylamine 103-104 33.8
Benzylamine 164-165 48.2 Benzylamine 136-138 38.9
Cyclohexylamine | 199-203 28.8 Cyclohexylamine | 197-201 47.8
Tert-butylamine 177-185 23.7 Tert-butylamine 193-198 46.7
AMP1 165-167 33.2 AMP1 154-157 33.6
AMP2 116-122 321 AMP2 123-126 36.4
Tris 159-161 58.2 Tris 150-152 39.4

Table 3.5 Melting points and enthalpies of fusion for the amine salts of gemfibrozil and

ibuprofen determined using DSC (n=3).

Gemfibrozil and | Mp °C Enthalpy of | Ibuprofen and | Mp°C Enthalpy of
salts fusion salts fusion
kJ/mole kJ/mole

Drug 62-64 22.3 Drug 76-79 242
Butylamine 75-77 255 Butylamine 104-106 19.3
Pentylamine 78-80 221 Pentylamine 83-86 8.23
Hexylamine 70-72 22.7 Hexylamine 91-94 20.3
Octylamine 37-40 28.7 Octylamine 80-82 214
Benzylamine 91-93 20.9 Benzylamine 107-109 25.9
Cyclohexylamine | 135-137 41.2 Cyclohexylamine | 197-201 49.0
Tert-butylamine 141-146 247 Tert-butylamine | 185-190 35.9
AMP1 119-122 52.0 AMP1 130-134 51.1
AMP2 '704-106 28.7 AMP2 112-116 23.3
Tris 119-121 68.0 Tris 160-164 60.8
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Figure 3.1 DSC scans for the homologous salts of the gemfibrozil series

DSC results for gemfibrozil benzylamine and ibuprofen benzylamine both display two
peaks, figure 3.2 and 3.3. Ibuprofen benzylamine shows two merged peaks upon
heating, the first occurs at about 110°C and the second peak at 120°C, figure 3.2 (2).
When the same sample is re-heated under the same conditions a single peak is
produced on the DSC trace at 109°C, figure 3.2 (1). The TGA of ibuprofen
benzylamine shows that upon heating the weight of the material changed at a
temperature corresponding to the onset of the endothermic event on the DSC scan
(figure 3.3).
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Figure 3.4 DSC scans for the cyclohexylamine and benzylamine salt of gemfibrozil showing the

possible presence of a solvate (form 2).

The two forms of gemfibrozil benzylamine that are shown in figure 3.4 (forms 1 & 2)
were made by the same salt formation process suggesting that the introduction of a
benzylamine group may create disorder in the crystal structure resulting in polymorph
fomation or a solvate could have been formed incorporating the solvent acetonitrile in
the crystal lattice. The first peak occurs at about 80°C which is the boiling point of
acetonitrile (81-82°C). TGA of this sample will confirm whether the peak is due to
solvent, which would be identified by weight loss in the sample when the sample is
heated. If this material is a polymorph the TGA will not show any weight loss upon
heating. Production of polymorphs is common when crystallising salt forms and has
previously been described by O’Connor and Corrigan (2001) who found

pseudopolymorphism in AMP1 and benzylamine salts of diclofenac.

The cyclohexylamine salts of the model drugs all have high melting points, relative to
the other salts, and have high AkJ/mole values, because of their high melting points
we would predict these powders to have low aqueous solubilities. The tert-butylamine
salts of the drugs have high melting points relative to the parent drug and single
sharp melting endotherms. The salts crystallise easily, the AHkJ/mole values for each
salt are less than cyclohexylamine salts. These salts are therefore expected to have
higher aqueous solubilities than cyclohexylamine salts, if there was a simple

relationship between melting point and solubility.
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The AMP1, AMP2 and tris salts are very different molecules because the number of
OH groups varies in each counterion. Therefore the amount of hydrogen bonding
present in the crystal lattice and the molecular weight varies from molecule to
molecule. The AMP2 salts have lower melting points than the other substituted tert-
butylamine salts (table 3.4 and 3.5) and generally have lower enthalpy values
(AkJ/moles). The AMP2 salts are therefore expected to have higher aqueous
solubilities than AMP1 and tris salts. Etodolac AMP2 has a shoulder on its peak close
to 100 °C (temperature range not shown, figure 3.5) and the TGA trace shows a
weight loss at 100°C which corresponds to a loss of water from the sample. The
weight loss was calculated and converted to moles of water and was found to

correspond to formation of a monohydrate salt.

Weight {%)

Figure 3.5 DSC (green) and TGA (blue) trace of etodolac AMP2 salt form. The derivative of the
weight change is represented in red.
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3.4.3 Calculation of Log P and Log D values

3.4.3.1 Introduction

Lipophilicity is an important parameter to consider when predicting water solubility of
a particular compound. A highly lipophilic compound will have limited water solubility
and will not interact with hydrophilic, polar molecules such as water. Log P and Log D
are a way of describing a compound’s lipophilicity, CLog P is a calculated parameter
usually by a computer program, e.g. Hansch and Leo’s CLog P. Log P is the octanol-
water partition coefficient and log D is the measurement at a particular pH. Log P
results can be related to solubility, however for solids solubility also depends on the
energy required to break the crystal lattice. Bannerjee et al. (1980) have suggested

the following empirical equation to relate solubility, melting point and log P:

LogP = 6.5—-0.89(log §) —0.015mpt equation 3.1

where S is the solubility in water in micromoles per litre.

It is therefore possible to have compounds with high Log P values which are still
water soluble due to their low melting points. Similarly, it is possible to have a
compound with a low solubility and a high melting point with a low Log P.

For formulation and dosage forms, injectable drugs ideally have Log P values below
0, for oral absorption medium lipophilicity is required (Log P 0-3), for transdermal
absorption Log P’s of 3-4 are suitable and if the Log P is above 4 there may be a
toxic build up in fatty tissues (Banerjee et al., 1980).

3.4.3.2 Method

ClLogP was calculated for all the model drugs, the counterions and the salts. BioByte
Corp. (USA) supplied the ClogP version 4.0 software and required the use of
SMILES (Simplified Molecular Input Line Entry System) notations of chemical
formula.

SMILES is a way of re-writing a chemical formula without including hydrogen atoms
e.g. the SMILES notation for butylamine is NCCC and the SMILES notation for
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octylamine is therefore NCCCCCCCC. Using this notation, a chemical formula can

be simplified for ease of calculation.

3.4.3.3 Results and discussion

ClogP V4.0 was used to calculate the octanol-water coefficients for the model drugs
and the counterions used to form the salts (table 3.6). As chain-length increases, the
lipophilicity of the counterion increases. The hydrophilic counterions (those containing
OH) have negative ClogP values indicating their affinity for the aqueous phase. The
benzylamine and cyclohexylamine counterions have similar lipophilicities and the
values are between those of butylamine and pentylamine. Tert-butylamine has a low
lipophilicity.

Table 3.6 Estimated ClogP values from the computer program ClogP V4.0.

Drug CLogP Counterion CLogP Counterion CiogP
Etodolac 3.52 Butylamine 0.92 Tert-butylamine 0.59
Flurbiprofen 3.44 Pentylamine 1.45 AMP1 -0.59
Gemfibrozil 4,16 Hexylamine 1.98 AMP2 -0.59
Ibuprofen 3.68 Octylamine 3.04 Tris -0.94
Benzylamine 1.09 Cyclohexylamine 1.37

Using equation 3.1, it can be predicted that gemfibrozil should have a high solubility
in water because it has a low melting point, but this is not the case in practice due to
the acidic nature of the solution formed when gemfibrozil, which is a weak acid,
dissolves in water.

From the CLogP data it is predicted that AMP1, AMP2 and tris salts would have the
greatest aqueous solubilities and that the butylamine and tert-butylamine salts will
have good aqueous solubilities because they have low LogP values. The rank order
of diclofenac salt solubilities was found to be AMP1 > AMP2 > tert > tris by O'Connor
and Corrigan (2001) whereas Anderson and Conradi (1985) found a solubility order
of the flurbiprofen salts of the same counterions of AMP2 > tris = AMP1 > tert. The
tert-butylamine salt has low aqueous solubility which is not as predicted by the LogP

values. Unfortunately, looking at LogP values as a predictor of solubility is probably a



very simplistic approach as pH plays a major role in affecting solubility which cannot

be predicted empirically at the moment.

3.4.4 Determination of pKa for the salt forms

The chemical and biological activity of pharmacologically active substances is
dependent on the degree of ionisation of the molecule. Accurate knowledge of
ionisation constants is very important to predict the solubility in different pH

conditions and to examine the implications for absorption.

3.4.4.1 Method

The SPARC online programme calculates molecular properties by breaking
molecular structures into functional units with known chemical properties. Known
reactions are calculated and the impact on reactivity of appended molecular
structures quantified by perturbation theory. The SPARC pKa calculator has been
tested on 4338 pKa's for more than 3685 compounds spanning a range of over 31
pKa units (Hilal et al. 1995) with reported success.

The SPARC (SPARC performs automated reasoning in chemistry) online calculator
was used to calculate the pKa values of the starting materials and the ionised salts.
When entering the website, pKa determination is selected. It is important to select the
single pKa determination from the options page and choose the appropriate
conditions e.g. N as a base and maximum output. The online calculator requires
SMILES notations for the insertion of chemical structures. However there is a facility
on the webpage to draw the structure and by the click of a button it is converted to

the appropriate SMILES notation.

SPARC is available from http://ibmlc2.chem.uga.edu/sparc/index.cfm and it a quick

and easy way to predict pKa values. The website calculator has been used
previously by Hilal et al. (1999) to successfully calculate the multiple ionisation sites

of many compounds with values as reliable as experimental measurements.
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3.4.4 2 Results

Table 3.7 Calculated pKa values using the SPARC online calculator for the model drugs and

their counterions.

Carboxylic acids

SPARC pKa calc.

Counterions

SPARC pKa calc.

Etodolac
Flurbiprofen
Gemfibrozil
Ibuprofen
Piroxicam
Naproxen

Indomethacin

4.336
4.346
4.720
4.525
13.071
4.463
4.497

Butylamine- octylamine
Benzylamine
Cyclohexylamine
Tert-butylamine

AMP1

AMP2

Tris

10.333
9.353
10.516
10.516
9.185
7.939
6.437

Table 3.8 Calculated pKa values using the SPARC online calculator for etodolac

flurbiprofen and their amine salits.

Etodolac salts pKa calc Flurbiprofen pKa calc
E butylamine to octylamine | 0.894 F butylamine to octylamine | 0.841

E benzylamine -0.110 F benzylamine -0.163

E cyclohexylamine 0.998 F cyclohexylamine 0.945

E tert-butylamine 1.135 F tert-butylamine 1.083

E AMP1 -1.647 F AMP1 -1.610

E AMP2 -2.928 F AMP2 -2.9804
E tris -3.398 F tris -3.451

Table 3.9 Calculated pKa values

gemfibrozil their amine salts.

Ibuprofen salts pKa calc Gemfibrozil salts pKa calc
| butylamine to octylamine 1.109 G butylamine to octylamine | 0.985
| benzylamine -0.105 G benzylamine -0.019
| cyclohexylamine 1.213 G cyclohexylamine 1.089
| tert-butylamine 1.351 G tert-butylamine 1.226
| AMP1 -1.431 G AMP1 -1.556
1 AMP2 -2.712 G AMP2 -2.836
| tris -3.182 G tris -3.307

and

using the SPARC online calculator for ibuprofen and

The positive pKa values represent acidic compounds, whereas negative pKa values

are hydrophilic molecules.
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All of the homologous series of counterions (butylamine to octylamine) have the
same pKa value. This is because the program assumes that the extension of the
hydrocarbon chain has no impact on the charge distribution between the nitrogen
and carbon atoms within the counterion. This is an incorrect assumption. It is well
documented that for the alcoholic series methanol, propanol and hexanol the polarity
of the molecule reduces as chain length increases. Oxygen is a very electronegative
aton, nitrogen less so, and produces a polar bond when coupled to a non-polar
hydrocarbon group. Methanol (CH3OH) is a polar molecule, the alcohol (-OH)
dominates the molecule and the hydrocarbon group is small, making it polar.
Propanol is an equally polar and non-polar molecule, the alcohol still provides a polar
bond but there are many more non-polar regions. Hexanol is mostly non-polar with
some polar properties because of the increased hydrocarbon chain length; this has
an impact on the dissociation ability of the molecule. The greater the chain length the
weaker the acid or base. The strong acids and bases have polar bonds and are
easily dissociated in solution, whereas the weaker acids and bases have large
hydrocarbon groups attached with many non polar regions. Benzene rings are
electron accepting so are structures containing them and are less likely to accept
protons than corresponding aliphatic molecules so they are weaker bases. The
cyclohexylamine ring system is a saturated system and electron donating so will
impart greater basisity. As the hydrocarbon chain length increases the molecule

becomes more hydrophobic and therefore more basic.

The hydrophilic series (tert-butylamine, AMP1, AMP2 and tert) becomes less electron
donating (basic) as the number of hydroxyl groups increases. The increased number
of oxygen atoms within the molecule draws electrostatic charge away from the
nitrogen.

3.4.5 Surface area

3.4.5.1 Introduction
Surface area analysis of a solid is performed because it provides information on
available void spaces on the surface of a solid, usually in powder form. In addition,

the dissolution rate of a solid is partially determined by its surface area. Surface area
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can dramatically affect the properties of a material; the smaller the particle size, the
larger the surface area. If the surface area is large, the dissolution rate should be
fast. Therefore to increase dissolution rate, milling is often used to reduce particle
size. Spray freezing into liquid (SFL) has been developed to produce micronized
powders to enhance the dissolution of drugs. SFL was used by Hu et al. (2003) to
significantly enhance the dissolution of carbamazepine, a poorly water soluble drug.
Methods to reduce particle size often make the material amorphous which can

improve solubility but the material may undergo uncontrolled crystallisation.

The most reproducible method to measure surface area is to adsorb a monolayer of
a condensable, inert gas (usually nitrogen or krypton), mixed with an inert non-
condensable, carrier gas (usually helium) onto the surface of the powder at a
reduced temperature and then desorbing the gas at room temperature. The sorption
isotherms obtained in this technique are interpreted using the equations developed
by Braunauer, Emmett and Teller and this technique is referred to as the BET
method. Surface area is measured in m%g. Information has been provided by the

Gemini 2360 instructions.

Other methods that are commonly used to measure the internal pores of a solid
include the use of mercury. Mercury porosimetry measures pore size distribution by
the capillary rise phenomenon and mercury intrusion can be used to calculate
surface area by filling the voids at a known pressure. Differential vapour sorption

(DVS) can also be used to measure surface area.

The Gemini 2360 Analyser only uses pure nitrogen as the analysis gas and is able to
maintain a constant pressure over the sample, while varying the rate of gas delivery
to match adsorption rate. This allows surface areas as low as 0.01 m?g to be easily
determined.

Four samples were chosen for surface area measurement. These were: ibuprofen,
ibuprofen butylamine, ibuprofen octylamine and ibuprofen AMP2. It was only possible
to analyse a small number of samples as sample preparation can take up to four
days because the samples have to be completely dry and purged with nitrogen gas.

Sample preparation time is individual to a material and can vary between 2-4 days.
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The equipment was located at Bristol Myers Squibb, Moreton, Wirral. However it was
possible to identify four interesting samples to analyse, those with high, medium and
low solubility including the parent compound. This would allow solubility to be related
to surface area for the samples.

3.4.5.2 Materials and experimental

All materials were used as detailed in section 2.2. A Gemini 2360 Analyser was used
to calculate the surface area of the materials. Nitrogen gas was supplied in-house at
Bristol Myers Squibb, Moreton, Wirral.

3.4.5.3 Method

A calibration was performed with alumina, supplied by Gemini Instruments. A sample
of 1.5471 g was degassed for 2 h at 300 °C at a degassing flow rate of approximately
100 ml/min. The surface area was measured under a saturation pressure of 772.04
mm Hg over a relative pressure range of 0.06-0.5 mm Hg and under evacuation
conditions of 500 mm Hg/min over 3 minutes. Five measurements of the volume of
gas adsorbed were collected at different pressures and used to calculate the surface

area. The surface area report is displayed in table 3.9.

Ibuprofen and ibuprofen butylamine samples of approximately 1 g were heated in
sample tubes at 50 °C and degassed with nitrogen gas for 29 h before analysis on
the Gemini 2360 Analyser under the same conditions as for calibration. Ibuprofen
octylamine and ibuprofen AMP2 were degassed at 50 °C for 25 h prior to analysis.

The analysis was performed twice on each sample

3.4.5.4 Results and discussion

The results of BET multipoint surface area analysis of the samples are displayed in
table 3.10, below.

The surface area measurements confirm that the material with the highest solubility
in water has the highest surface area, ibuprofen butylamine and the material with the
lowest solubility (ibuprofen) has the lowest surface area value. Ibuprofen AMP2 has a
surface area of 0.8 m%g, which is not as high as ibuprofen butylamine yet has a

solubility far exceeding ibuprofen butylamine. This result may be explained by the
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possible surface activity properties of ibuprofen AMP2 which influences the solubility

more than surface area (see section 5).

An increase in surface area will influence the dissolution rate of a drug according to
the Noyes-Whitney equation. The smaller the particle size the greater the effective
surface area exhibited by a given mass of drug, and the higher the dissolution rate.
Digoxin, tolbutamide, aspirin and naproxen have undergone particle size reduction
techniques and this has improved the dissolution so that the bioavailability has been
enhanced. The relative bioavailability of danazol has been increased 400% by

administering particles in the nano- rather than micron size range (Aulton, 2002).

Table 3.10 Surface area and saturated water solubility measurements of ibuprofen, ibuprofen
butylamine, ibuprofen octylamine and ibuprofen AMP2. Solubilies are mean; £SD

Surface area m‘/g | Saturated water

solubility mg/ml

Ibuprofen 0.1672, 0.1639 0.071 £0.002
| butylamine | 1.7350, 1.5298 162.66 +8.645
| octylamine | 0.5926, 0.5796 1.65 £0.548
| AMP2 0.8018, 0.8032 +200

The interpretation of these results is difficult as extent of solubility and dissolution is
not simply controlled by surface area but by many other factors such as pH,
hydrophilicity and melting point.

3.4.6 Dynamic vapour sorption (DVS)
3.4.6.1 Introduction

DVS enables an easy and accurate measurement of moisture and vapour sorption.
The DVS instrument used was made by Surface Measurement Systems and
provides a rapid, automated, programmable and accurate measurement of
gravimetric moisture and organic vapour uptake in solid materials. It uses a very
small sample size and a dynamic flow of humidified gas means that moisture sorption
can be measured in a few hours.
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The instrument consists of temperature-controlled chambers for the sample and
reference pans connected to a microbalance module. Dry gas is introduced at a
controlled rate and a vapour generator module regulates the humidity that passes
into the reference and sample chambers. The experiment can be performed at a
constant humidity or under changing temperature and humidity. DVS can be used
with organic vapours to look at organic vapour isotherms, surface studies of
hydrophilic substances, BET surface area, average surface energy and heat of

sorption.

This technique is ideal for the confirmation of hydrates together with other techniques
such as DSC and TGA (Hodson, 1996), hygroscopicity and for carrying out

accelerated stability testing of raw materials at elevated temperature and humidity.

Three materials were selected to be tested. These were; etodolac butylamine,
etodolac AMP2 and ibuprofen benzylamine. Etodolac butylamine was selected
because of its elevated water solubility and etodolac AMP2 and ibuprofen
benzylamine were chosen because of multiple peaks on their DSC profiles. Both
these compounds were suspected of being hydrates because of additional peaks, not
attributable to melting, around 100°C. The TGA profile of each compound shows a
loss in weight around 100°C, which could be bound water or bound solvent. DVS

should be able to determine whether the material is a hydrate or a solvate.

Ten other materials were tested from the hydrophilic series to investigate the water
sorption characteristics of the model drugs and their amine salts as hydrophilicity
increases: flurbiprofen, flurbiprofen tris, AMP2, AMP1 and tert-butylamine plus
gemfibrozil, gemfibrozil tris, AMP2, AMP1 and tert-butylamine.

3.4.6.2 Materials and Experimental

A DVS-1 was used at Bristol Myers Squibb, Moreton, Wirral manufactured by Surface
Measurement Systems. It has a 1.5 g capacity and a working temperature range of 5-
45 °C. Commonly sample sizes of approximately 10 mg were used. The software
was used to analyse the samples at 20 °C over 0-100% humidity, which was
increased by increments of 10% after the equilibration of sample mass. The
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experiment was set to equilibrate the mass at 0% humidity before increasing the
humidity surrounding the sample to 100% humidity and then reducing the humidity to
0%. The duration of the experiment was determined by the time taken for the
material's mass to equilibrate at a particular humidity; this can vary from 12-24 hours.
The selected drugs and their salts were prepared as detailed in section 2.2.

3.4.6.3 Results and discussion

The results of the DVS study are displayed in table 3.11, below. The samples did not
lose or gain a large amount of water over the period of the experiment. Etodolac
AMP2 lost some weight when the humidity was reduced to 0%. This can be attributed
to water that was calculated from the DSC and TGA experiments suggesting that
etodolac AMP2 could be a monohydrate salt. The area below the dotted line on the
DVS graph of etodolac AMP2 indicates loss of weight during the DVS experiment see
figure 3.5.

Table 3.11 DVS analysis of a selection of model drugs and salts from 0-100% humidity over

time.

Substance Change in Mass (%) Substance Change in Mass (%)
Flurbiprofen 0.042 Gemfibrozil 0.04

F tris 0.2 G tris 0.37

F AMP2 1.30 G AMP2 0.05

F AMP1 0.25 G AMP1 2.00

F tert-butylamine 0.20 G tert-butylamine 0.13

E butylamine 0.20 | benzylamine 0.08

E AMP2 -0.05
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Ibuprofen benzylamine did not lose any weight when the surrounding humidity was
reduced to 0%, this indicates that water is not present in the molecule and that any
loss on heating detected with TGA is due to solvent, see figure 3.6. lbuprofen
benzylamine is therefore not a hydrate but a solvate. Residual acetonitrile, held within
its structure, could be bound to the salt causing it to be released at a temperature
higher than its boiling point (81-82 °C). Further investigation would be required to
confirm which solvent is present in the ibuprofen benzylamine structure.

There was very little surface absorption of water with the other salts even though tris
itself is hygroscopic. The largest change in mass was observed with gemfibrozil
AMP1 and flurbiprofen AMP2 which show a slight hystersis and over 1% change in
mass over the humidity range. The salts would potentially be unstable at high
humidities so should be kept at below 40% relative humidity. The remainder of the
salts are quite stable to humidity which is shown by the limited hysteresis observed in
the change in mass vs humidity graphs; none of these salts tested are hygroscopic

which can be a common problem with salt formation (figures 3.6 to 3.8).
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Figure 3.6 DVS data for etodolac AMP2 representing weight change over time and RH%
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Figure 3.7 DVS data for ibuprofen benzylamine representing weight change over time and RH%
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Figure 3.8 DVS data for etodolac butylamine representing change in weight over time and RH%
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3.5 Physicochemical studies

3.5.1 Introduction

In order to understand the solubility and its influence on absorption processes, it is
essential to understand the physicochemical properties of the materials under
investigation. The aim of the previous section was to characterise the solid-state
properties of the samples whereas this section was designed to explore the

dissolution and solubility of the drugs and their salt forms.

The dependence of solubility on pH is discussed in depth in section 4 and it is
imperative to understand the effect of pH on solubility of a particular drug before
trying to modify its properties. Therefore, it was important to generate the pH-

solubility profiles of all the drugs used.

The next step was to measure the saturated solubility of the prepared salts in water
to determine whether solubility was increased by salt formation and to observe if
there were any pH changes that could affect solubility. Solubility experiments were
also performed at fixed pH to investigate if pH alone was the driving force of solubility
enhancement.

Dissolution of the model drugs will be the rate-limiting step for drug absorption
because they are classified as BCS class Il (Amidon et al. 1995). Therefore the
dissolution process is a very significant factor in influencing absorption and the
potential for increasing the dissolution rate could lead to changing the classification of
a drug/salt to BCS class |.

The aims of the dissolution experiments were to:

* Characterise the dissolution process using powdered samples in a specially
constructed basket

e Study the effect of different pH conditions on dissolution of the powder
samples

* Devise a suitable experiment to measure Intrinsic Dissolution Rate (IDR)
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3.5.1.1 Theoretical considerations of the dissolution process
The dissolution process is often described by the Noyes-Whitney equation:

‘_{5_ =kA4 (Cs-C) equation 3.2

where m is the mass of solute passed into the solution at time t, dm/dt represents the
dissolution rate, A is the surface area of undissolved solid in contact with the solvent,
C. is the saturated concentration of the solute at a set temperature, C is the solute
concentration at time t and k is the generalised first-order rate constant (IDR rate
constant). When considering the Noyes-Whitney and interfacial barrier models, k is a

generalised constant.

Higuchi et al. (1958) first proposed the diffusion layer theory; Mooney et al. (1980a)
further developed the model and applied Fick's Laws of diffusion to calculate the pH
values across the diffusion layer as dissolution occurs and to describe the initial
dissolution rates of three carboxylic acids. In a second paper, they investigated the
effect of buffer on the dissolution rate and concluded that reporting of acid dissolution
rates is meaningless without reference to buffer pH and buffer concentration (Mooney
et al., 1980b). Auinins et al. (1985) continued the theme and tested the model on
three acidic drugs; they concluded that boundary layer thickness cannot be

accurately calculated and this caused inaccuracies in the model.

The diffusion layer model (figure 3.9) assumes that a thin film of saturated solution of
concentration Cs exists at the interface of the dissolving solid and diffusion medium.
The dissolution rate is controlled by the diffusion of solute molecules from the
saturated solution in the diffusion layer to the bulk solution. The concentration of the
bulk solution is denoted by Cb, within the stagnant diffusion layer there is a
concentration gradient from x=0 where the concentration is greatest (saturated) to

x=h, where the concentration is the same as the bulk solution.
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Figure 3.9 Diffusion layer model of drug diffusion

The Nernst-Brunner diffusion layer form of the Noyes Whitney equation (equation
3.2) defines the rate of dissolution as:

dn D ;
J=——=—|C -C equation 3.3

where, J is flux which is defined as the amount of material m dissolved, and,
therefore transported across the diffusion layer, in unit time per unit surface area A of
the dissolving solid. D is the diffusion coefficient (equation 3.4). The boundary layer is
affected by the hydrodynamic conditions, i.e. rate of stirring or shaking; size, shape
and position of stirrer; volume of dissolution fluid; size and shape of container and

viscosity of dissolution medium (Aulton, 1988; Macheras et al., 1995).
The diffusion coefficient can be described by the equation:

_RT
6Nran

equation 3.4
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where R is the universal gas constant, T is the absolute temperature, N is Avogadro’'s
constant, n is the kinematic viscosity and r is the radius of the molecule in solution.
From equations 3.2 and 3.3, the IDR rate constant, k is proportional to a change in
drug concentration, surface area, concentration difference (Cs-C) and changes in the
boundary layer.

Using the theoretical diffusion layer model, it is clear that dissolution volume can
affect dissolution rate. In the stomach gastric emptying occurs which constantly
varies the stomach volume, and allows the drug to dissolve in an infinitely dilute
solution. This is best modelled in in-vitro simulations by using ‘sink’ conditions where
the maximum value of C is a tenth of C. This reduces the variable (Cs-C), in equation
3.2 to the constant Cs (Macheras et al., 1995).

The Nernst-Brunner equation can be reduced under sink conditions to:

J= %CJ equation 3.5

The surface area of the undissolved solid in contact with the dissolution medium is
easily controlled during IDR experiments and can be removed from the equation 3.2
in order to simplify it. However, during the powder dissolution experiments, the
surface area (A) of the powdered samples was not controlled, although the particles

were ground to an observable homogeneity.

3.5.1.1 The theory of salt dissolution

The solubility of a weak acid can be improved by salt formation because this is
because the basic moiety can affect the pH of the micro-environment of the drug. For
weak acids the pH of the surrounding medium can hugely affect the saturated
solubility, as demonstrated by the equation 3.6:

SOKI'J'
[H304]

S:Sﬂ+

equation 3.6

where S is the solubility at the experimental pH and S, is the intrinsic solubility. In the

stomach contents, the pH can vary from approximatly 2-4, depending on the fed and
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fasted state or location and if the weak acid has a low pK; (e.g. gemfibrozil pK, 4.72)
then dissolution will be limited by low solubility.

If a salt is formed, the pH of the micro-environment of the drug is buffered by the
presence of basic ions. This creates an intermediary pH in the boundary layer of the
micro-environment around the drug in which it can dissolve. Once the drug diffuses
out of the boundary layer, it rapidly precipitates as a fine solid in the stomach
contents as the pH is low. The drug will rapidly dissolve in the favourable pH of the
intestine when emptied from the stomach and consequently will be absorbed
(Macheras et al., 1995). Theory states that salts do not provide a higher solubility at a
given pH, because of the buffering capacity of the ionised form of the drug and the

sait.

Higuchi et al. (1958) presented the simultaneous chemical reaction and diffusion
(SCRD) model for the dissolution of benzoic acid into basic solution. The authors
provided predictive equations for the IDR or flux. Higuchi et al. (1964) also reported
an equation for the initial dissolution rate of the sodium salt of a weak acid dissolving
in acidic medium, where at a low bulk pH, the self buffering capacity of the diffusion
layer of the salt is overcome by the bulk pH and dissolution is low. Mooney et al.
(1981) investigated dissolution kinetics of carboxylic acids into unbuffered media. The
authors presented an extension to the SCRD model to represent the concentration of
hydrogen ions at the surface of the solid. Their study concluded that the self buffering
capacity of the dissolving acid increases with acid strength but can decrease with
increasing pH of the bulk solution; this was attributed to an increase in [OH7] in the
bulk but is probably due to the common-ion effect and the presence of an increased
concentration of inorganic ion e.g. Na‘, K* (see chapter 5). Aunins et al. (1985)
extended the SCRD model to dissolution of carboxylic acids in buffered systems.
They concluded that buffer capacity influences the pH of the boundary layer and
hence affects dissolution. Buffer capacity is therefore an important parameter to

consider when reporting dissolution rates.
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3.5.1.2 The theory of salt solubility

Salts are amphoteric species containing both acidic and basic functional groups; they
can exist as an uncharged species as both acidic and basic groups are ionised,
termed zwitterions if present on the same molecule. lonisation must be complete to
give a stable salt form; if ionisation is not complete then the result is a mixture of two
species which is unstable. To ensure stable salt, or ionic bond formation, the pKa
difference between acid and base must be 4 units and the acid or base cannot be

strong or the ionised state will be preferential (Stahl and Wermuth, 2002).

The process of dissolution is governed by the breaking of intermolecular interactions
in the solid, the separation of solute molecules and the ability of the solvent
molecules to enter the crystal lattice and form new interactions with the solute. The
intermolecular bonds in a salt include ionic interactions, H-bonds and Van der Waals
forces. Drug salts often contain strong electrophilic, or electron-withdrawing groups,
together with large hydrophobic regions to create ion-dipole interactions in polar
solvents, often water.

For salts the attractive force, F, between oppositely charged particles or ions is

expressed by Coulomb’s law:

F="— equation 3.7

where g* and g represent the electric charges on the particles or ions, d is the
distance between them and D is the dielectric constant of the surrounding medium.

In solution the ions may dissociate which causes the ions to separate to give:

AB & AT+ B equation 3.8

If the ions do not completely dissociate in solution then the equilibrium is said to be

due to ion-pair formation. The ion-pair equilibrium is expressed as:

A" +B- < A-B equation 3.9
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The association constant, K, is given by:

equation 3.10

where apg, aa. and ag+ are the activities of the corresponding species. As K increases
the potential for absorption of A-B increases, which can occur with hydrophobic
interactions. Passive diffusion does not involve ion-pairs but the neutralising action of

the ion-pair favours membrane permeation.

The enthalpy of solution AHs, describes the energy of interactions as a solute

dissolves, but the standard free energy, AGP is related to solubility, Cs, by:

AG?, =-RTInC, equation 3.11

where R is the gas constant and T is the absolute temperature. The free energy is
the net useful energy available for the reaction resuiting from the total energy for the
reaction minus energy lost to intermolecular force activity (friction). According to the
Van't Hoff equation, the logarithm of the equilibrium constant (Ks) (e.g., solubility
product) is a linear function of the reciprocal of the absolute temperature (K,), shown
by equation 3.12:

AHJOI
RT

InK, =InK, - equation 3.12

3.5.2 pH solubility profile of model drugs
3.5.2.1 Introduction

The pH solubility profile of a weakly acidic compound has two regions, Phase | and
Phase Il. In Phase | the total solubility is shown in equations 3.13 and 3.14:
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S =[HA]+[A"] equation 3.13

S= S{l g o1 J equation 3.14

Where S is the total solubility at any given pH, S, is the intrinsic solubility of the free
acid, [HA] and [A] represent concentrations of the undissociated and dissociated
forms, respectively, in solution, and K is the acid dissociation constant defined as

equation 3.15:

K, < [H A7)

equation 3.15
[HA]

As the pK, is approached and exceeded i.e. between pH 5-9 there is a rapid and

continuous increase in solubility as predicted by equation 3.16:

pH — pKa = log{S ; So} equation 3.16

The total solubility in Phase Il is described as equation 3.17 and 3.18:

S = [1 + L ]}/pr equation 3.17

Ko=[X"][47] equation 3.18
Where Ks; is the solubility product of the salt (Stahl and Wermuth, 2002).

This common ion effect where the pH solubility curve is split into two distinct phases

has been previously reported by Anderson and Flora (1996) and observed for
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flurbiprofen by Anderson and Conradi (1985) and for diclofenac acid (O’Connor and
Corrigan, April 2001).

3.5.2.1 Materials

Model drugs were purchased as detailed in section 2.2.1. Hydrochloric acid, sodium
hydroxide, potassium di-hydrogen orthophosphate, di-sodium hydrogen phosphate,
orthophosphoric acid were purchased from Sigma-Aldrich (Poole, UK). All materials
were of analytical or pharmaceutical grade as appropriate. Double distilled water was

generated in-house using a Fison's Fi-Streem still.

3.5.2.2 Equipment
A Variomag electronic multipoint magnetic stirrer set at 500 rpm was used for sample

preparation. HPLC equipment was used as detailed in section 2.1.1.2.

3.5.2.3 Methods

The saturated solubilities of etodolac, gemfibrozil, flurbiprofen and ibuprofen were
determined using phosphate buffers in the pH range 5-9. The composition of the
buffers is detailed in Appendix 3.4. Approximately 500 mg of drug were added to 20
ml of buffer, each experiment was performed in triplicate. The samples were stirred
for at least 3 days under ambient conditions, during this time the vials were checked
for solid and the pH was monitored. If the pH required altering, 0.1 M NaOH or 0.1 M
phosphoric acid was added accordingly, dropwise to return the pH to the starting
condition. If necessary, more drug was added to the samples if all the solid dissolved.
Once the pH had stabilised and excess solid was present in all samples, 10 ml was
removed with a plastic disposable syringe and filtered through a 256 mm diameter
PTFE 0.45 um syringe filter, discarding the first 5 drops. Dilutions were made as
appropriate with a micropipette and volumetric flasks, using solvent mix
(acetonitrile:water 65:35) to dilute the samples. The samples were analysed by HPLC
as detailed in section 2.2.

3.5.2.4 Results and discussion

The SPARC on-line calculator (http://ibmlc2.chem.uga.edu/sparc/) program

calculates that etodolac and flurbiprofen have very similar pKa values (table 3.12)

and that gemfibrozil has the highest pKa and that ibuprofen has pKa between that of
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gemfibrozil and flurbiprofen. This information would suggest etodolac more soluble at
a particular pH due to a greater degree of ionisation and gemfibrozil to be the least
soluble at a particular pH.

Table 3.12 SPARC calculation of pKa for the model drugs

Drug SPARC pK, Literature values
calculation
Etodolac 4.336 4.65
Flurbiprofen 4.346 422
Gemfibrozil 4720 4.70
Ibuprofen 4523 44,52

The pK, for each weak acid was calculated from the experimental solubility data.
Equation 3.14, the solubility of a weak acid, was re-arranged to the equation of a
straight line:

1
(H7]

S=8§,+S,K,. equation 3.19

Where, S is the solubility (y value) S, is the intrinsic solubility (intercept) and S,.Kj is
the gradient. The pK, can be calculated from the gradient. '

The calculated pK, values for each weak acid and the linear regression fit (R?) are
listed in table 3.13.

Table 3.13 Table to indicate the calculated pK, values for the weak acids used and their

regression fit to theory.

Drug Calculated pK, | Regression fit
Etodolac 7.16 0.963
Flurbiprofen 4.52 0.934
Gemfibrozil 5.20 0.999
Ibuprofen 6.00 0.9998
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Shaw (2001) reported an average solubility for ibuprofen of 0.05 mg/ml over the pH
range 1-4. This value compares well, together with the whole solubility profile, with
the experimental values reported in table 3.14. The pK, calculation using the
experimental data gives a good fit to theory (> = 0.9998) yet it has an unexpected
high pKa value of 6.

The pK, values calculated from the experimental data are higher than have been
reported. Etodolac, calculated pK, 7.14 and ibuprofen, calculated pK,; 6.0 are
unrealistic values for weak carboxylic acids. Flurbiprofen and gemfibrozil have
calculated pK, values that are similar to literature. Phase | of the pH solubility curve
was used in the calculation of pK, for flurbiprofen. Experimental errors in
measurement of accurate pH values and obtaining insufficient data points can help

explain the inaccurate results.

Etodolac, gemfibrozil and ibuprofen have pH-solubility curves that follow equation 3.7
well (r’=0.963 — 0.9998) (figures 3.11 to 13) , flurbiprofen (figure 3.10) has two
phases in its pH solubility profile, after approximately pH 6 the overall solubility
reduces as [OH7] increases. If a salt is formed above pH 6 then it will be the sodium
salt as sodium hydroxide is used as the alkali. Therefore, excess Na" ions lead to the
sodium salt of the weak acid forming, which has a lower solubility than the free acid
and it precipitates out of solution. Bogardus and Blackwood (1979) noted that the salt
and free form can exist in the solid state in equilibrium with the saturated solution.
Therefore if the precipitate is collected it would contain both the free acid, flurbiprofen
and the salt, flurbiprofen sodium. This phenomenon is called the common ion effect

and is explained further in Chapter 4.
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Table 3.14 The pH/solubility relationship for flurbiprofen and gemfibrozil in phosphate buffer
solutions. Results are the mean of 3 replicates £SD.

Flurbiprofen Gemfibrozil

Buffer pH Solubility mg/ml Buffer pH Solubility mg/mi
5.10 0.089 + 0.011 4.10 0.0007 + 0.0001
5.89 0.370 £ 0.020 5.00 0.0023 + 0.0009
5.50 2.834 £ 0.047 5.50 0.0032 + 0.0006
6.63 4.067 + 0.040 6.00 0.0137 £ 0.0008
6.67 4.459 + 0.029 6.50 0.0381 £ 0.0005
6.69 4.484 + 0.044 7.00 0.0973 + 0.0028
7.20 6.684 + 0.008 8.00 2.9630 + 0.0807
8.00 6.809 + 0.301 9.00 4.8723 +0.2653
9.64 6.531 +0.412

Table 3.15 The pH/solubility relationship for etodolac and ibuprofen in phosphate buffer
solution. Results are the mean of 3 replicates £SD.

Etodolac Ibuprofen
Buffer pH Solubility mg/ml Buffer pH Solubility mg/ml
4.94 0.085 £ 0.133 417 0.054 £ 0.004
5.97 2.114 £ 0.399 4.51 0.077 £0.012
7.01 15.075 + 1.926 5.03 0.176 £ 0.013
7.52 27.345 £ 1.930 5.45 0.258 £ 0.082
7.93 51.830 £ 2.309 6.10 1.624 £ 0.284
6.94 10.758 £ 0.461
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Figure 3.11 The solubility/pH profile for gemfibrozil n=3; mean +SD.
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Figure 3.13 The solubility/pH profile for ibuprofen n=3; mean +SD.
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3.5.3 Saturated solubility of model drug and salt in water

3.5.3.1. Materials and Experimental
All materials were used as in section 2.2. A Variomag electronic multipoint magnetic
stirrer set at 500 rpm was used for sample preparation. HPLC equipment was used

as detailed in section 2.1.1.2.

3.5.3.2 Methods

The saturated aqueous solubilities of model drugs and prepared salts were
determined under ambient conditions. Excess solid was added to 15 ml of water and
stirred for at least 24-48 hours. The experiment was performed in triplicate. After this
time the pH was measured and 10 ml was extracted with a plastic disposable
syringe. The sample was filtered through a 0.45 pm PTFE syringe filter and diluted, if
necessary, with solvent mix (acetonitrile: water 65:35) using pipettes and appropriate
volumetric flasks. The samples were analysed by HPLC.

3.5.3.3 Results and discussion

The measured saturated aqueous solubilities are in tables 3.16 to 3.18 and figures
3.13 and 3.14. They illustrate that solubility of the model drug is increased in all
cases by salt formation, the degree of enhancement dependant on model drug and
counterion. Each counterion increased model drug aqueous solubility from a
minimum of 3.5-fold, for ibuprofen benzylamine to a maximum of 2801-fold, for
ibuprofen AMP2.

The molar saturated aqueous solubility of gemfibrozil is markedly lower than for the
other drugs: etodolac, flurbiprofen and ibuprofen (table 3.16). Generally, the results
from the studies are discussed in mg/ml although it is more accurate when comparing
the results to use moles/| (M). When the results are converted to moles/l (M) the
same rank order is observed with comparative increase factors (tables 3.17 and
3.18). The results in these studies are assessed in terms of overall rank order;

therefore it was sufficient to discuss and present the results in mg/mi.
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Table 3.16 Aqueous solubilities of the drugs and their amine salts as molar concentrations.

Results are calculated from mean values

Etodolac and salt | Gemfibrozil and Flurbiprofen and ibuprofen and
Molar solubility salt Molar salt Molar salt Molar
(M) solubility (M) solubility (M) solubility (M)
Drug 7.72x 10" 8.79x 10° 1.35x 107 3.45x 107
Buty! 0.489 0.111 5.99 x 10™ 0.583
Pentyl 0.0394 0.0172 0.0227 0.0424
Hexyl 0.0151 0.0106 0.00811 0.0200
Octyl 3.69x10° 2.32x10° 1.72x10° 493 x 107
Benz 8.01x 10” 7.45x10° 8.12x 10™ 7.99x 107
Cyclo 0.0126 9.94 x 10° 1.08 x 10° 9.84 x 10°
Tert 0.0435 0.0243 8.74 x 10° 0.180
AMP1 0.199 0.0353 0.0348 0.458
AMP2 0.510 0.0219 0.0255 0.643
Tris 0.248 0.0228 0.0304 0.0274

Considering the homologous series of salts (figure 3.14):

In general there is a solubility enhancement order for salts of all drugs, from highest
to lowest (i.e. butylamine>pentylamine>hexylamine>octylamine). This is reflected by
the reducing increase factor as the chain length increases. As the chain length
increases the lipophilicity and hydrophobicity of the counterion increases and
solubility reduces. If this data is coupled with the melting point information from the
DSC (section 3.4.2) then a trend is found with solubility and melting point, that as
melting point reduces, solubility is also reduced. This contradicts the attractive notion
that as melting point reduces solubility increases due to the reduced energy required
to break the crystal lattice. This simple theory does not fit because salts are complex
molecules containing covalent, ionic bonds and many different types of attractive
intermolecular forces that require disruption for dissolution to occur. As chain length
increases the lipophilicity and oiliness increases and this seems to be the driving

force for solubility in this series.
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Table 3.17 The saturated aqueous solubilities, corresponding pH values and the solubility

increase factor of the amine salts of etodolac and gemfibrozil. * indicates measured solubility

value. Results are the mean of 3 replicates £SD.

Etodolac Gemfibrozil

Material Solubility Measured | Increase | Solubility Measured Increase

mg/ml pH factor mg/ml pH factor
Drug 0.222 + 0.097 | 4.42 - 0.022 £ 0.008 | 5.40 -
Butylamine 1762+ 0.21 | 6.78 79.1 35.93 + 1.81 8.70 1649.6
Pentylamine 14.75+0.05 | 6.84 66.2 5.76 £ 0.09 8.10 265.38
Hexylamine 5.86 £ 0.16 6.79 26.3 3.73+£0.06 7.80 171.14
Octylamine 1.53 £ 0.01 6.42 6.9 0.88 +0.01 7.50 40.2
Benzylamine 3.16 £ 0.03 6.97 14.2 2.66 £0.03 8.60 122.2
Cyclohexylamine | 4.87 £ 0.04 7.30 219 347 +£0.18 7.10 159.0
Tert-butylamine 15.69+0.50 | 7.34 70.4 7.86 +0.27 7.60 357.3
AMP1 74.65+3.77 | 8.68 334.9 11.76 £1.53 | 7.70 534.6
AMP2 N/A* 897.3 30.25+099 |7.70 1375
Tris 101.03£0.86 | 7.26 453.3 8.46 £ 0.49 7.50 384.6

Table 3.18 The saturated aqueous solubilities, corresponding pH values and the solubility

increase factor of the amine salts of flurbiprofen and ibuprofen. * indicates measured

solubility. Results are the mean of 3 replicates +SD.

Flurbiprofen Ibuprofen

Material Solubility Measured | Increase | Solubility mg/ml | Measured | Increase

mg/ml pH factor pH factor
Drug 0.033+0.014 | 4.20 - 0.071 + 0.002 3.67 -
propylamine 13.16 £0.341 | 743 398.8
butylamine 5.39+0.220 7.2 162.5 162.66 + 8.645 8.37 2278.2
pentylamine 7.17 £ 0.357 7.30 216.4 12.42 £ 0.081 7.64 174.0
hexylamine 2.60 £ 0.069 6.44 78.3 6.15 £ 0.471 7.73 86.2
octylamine 0.56 £ 0.009 6.50 17.0 1.65 + 0.548 7.19 23.1
benzylamine 2.85+0.198 7.00 86.0 0.25+0.196 7.35 3.5
cyclohexylamine | 0.37 £ 0.149 7.56 114 1.03 £ 0.034 6.43 145
tert-butylamine 2.77 £ 0.083 6.00 83.6 5.02 £ 0.048 6.53 70.3
AMP1 8.94 £ 1.430 6.70 270.9 135.00 + 28.058 | 8.21 1900.8
AMP2 11.56 £+ 1.244 | 6.70 350.3 N/A* 2801.1
Tris 11.16 £2.351 | 6.8 338.2 8.97 £ 0.156 6.67 125.6
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Benzylamine and cyclohexylamine are very closely related structurally; they are both
of similar size differing only because cyclohexylamine has a saturated ring and in
benzylamine, the ring is unsaturated. Each salt has an increased solubility compared
to the parent drug but cyclohexylamine gives the greater enhancement of solubility in
all cases. The enhancement of solubility is in the range of 3.5-158-fold; the
cyclohexylamine and benzylamine are not as effective at improving solubility as the
butylamine or the hydrophilic counterions (AMP1, AMP2 and tris). Cyclohexylamine
and benzylamine salts are easy to crystallise and both have high melting points,
indicating good stability. Cyclohexylamine salts have higher melting points and are
slightly more lipophilic than the benzylamine salts so these parameters are not

controlling solubility.
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Figure 3,14 The saturated aqueous solubility of etodolac, flurbiprofen, gemfibrozil and

ibuprofen and their amine salts. (n=3; mean =SD)

The hydrophilic series used consisted of tert-butylamine, AMP1, AMP2 and tris salts.

They are termed ‘hydrophilic’ because of the increasing number of hydroxyl groups
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within the molecules, from zero to three. Figure 3.15 demonstrates the effect of the
hydrophilic counterions on the model drugs. The tert-butylamine counterion results in
a 70-357-fold increase in solubility for the range of drugs. The addition of a single
hydroxyl group increases the solubility of the parent molecule from 271-fold to 1901-
fold; which is a substantial improvement in solubility compared to the tert-butylamine
salts. As additional hydroxyl groups are added to the counterion (AMP2 salts), there
is a large increase in solubility, from 349-2801 fold, an increase factor similar to that
of the butylamine counterion. There is no further improvement in solubility as
additional hydroxyl groups (tris) are added. This result was also reported by
Anderson and Conradi (1985) with a range of flurbiprofen salts and O’Connor and
Corrigan (2001) using diclofenac salts, they both used the tert-butylamine, AMP1,
AMP2 and tris counterions. As the number of hydrophilic groups increases the
hydrophilicity increases and this was predicted to improve solubility, this is true for
the addition of one or two hydroxyl groups. As the number of hydroxyl groups
increases, the potential for hydrogen bonding increases. It is possible that the tris salt
structures form complex intermolecular forces which are more difficult to break,

resulting in inhibited dissolution.

For two salts within this study; etodolac AMP2 and ibuprofen AMP2, it was not
possible to obtain a saturated aqueous solution. For these samples a measured
solubility was used to demonstrate the effect of the AMP2 counterion on solubility;
with the concentration increasing to beyond 200 mg/ml, “foaming” was observed.

These materials were predicted to demonstrate surfactant-like properties (Chapter 5).
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Figure 3.15 The saturated aqueous solubilities of etodolac, flurbiprofen, gemfibrozil and
ibuprofen and their hydrophilic amine salt. (n=3; mean +SD)

3.4.3.4 Relating solubility to physicochemical characteristics

3.4.3.4.1 pH-solubility relationships

The butylamine counterion consistently increases the solubility of the parent
compound by the greatest extent, and a trend can be seen within the homologous
series (butylamine-octylamine) that solubility is reduced as chain length increases.
The butylamine counterion also has the ability to increase the pH of the saturated
solution to over 8 for ibuprofen and gemfibrozil and to around pH 7 for flurbiprofen
and etodolac, whereas the pH of saturated solutions containing the longer-chained
counterions is lower. The increase in pH appears to be dependent on the nature of
the model drug not power of the amine counterion. However, the increase in solubility
observed with the gemfibrozil butylamine salt far exceeds the predicted solubility from
the pH solubility profile (table 3.19) at the pH of the saturated solution.

114




Table 3.19 The saturated aqueous solubility and measured pH values against the solubility data
from the pH-solubility profiles of each drug, etodolac, flurbiprofen, gemfibrozil and ibuprofen.

Aqueous solubility of the butylamine salt (pH Saturated aqueous solubility
solubility curve) of the butylamine salt
Buffer pH mg/ml pH of solution mg/ml
Etodolac 7.01 15.08 6.78 17.62
Flurbiprofen | 7.20 6.68 7.20 5.39
Gemfibrozil | 9.00 4.87 8.70 35.93
Ibuprofen 8.00 No data 8.37 162.66

The pH of the saturated solutions of each salt is an indication of the pH of the
boundary layer when the salt dissolves. As the butylamine counterion confers the
highest pH solution it has the highest solubility, it is the stronger base of all the amine
counterions because the molecule is small and the basic charge is spread evenly
over the surface of the molecule. As the chain length increases through the series the

basic charge has a larger area to spread over and becomes weaker.

Although the question remains; can salts improve solubility and dissolution in low pH
conditions where the drug would be expected to precipitate out?

For ibuprofen and etodolac AMP2 salts, (table 3.16 and 3.17) the pH of the saturated
solution has no influence on solubility, therefore other mechanisms must be

responsible for the massive increase in solubility observed, (Chapter 5).

Rubino (1989) looked at the solubility and solid state properties of a range of sodium
salts of drugs. The solid phase after equilibrium with water was collected and
discovered to be a hydrate; the solubility was inversely related to the molar amounts
of water in the crystal. No comment was made about the prediction of potential
hydrate formation as a means of improving solubility. Although Rubino (1989) found
that in-situ hydrate formation affects solubility, if the starting material is a hydrate
(etodolac AMP2) then enhanced solubility is observed. Therefore the enhanced
solubility of etodolac AMP2 could be because it is a monohydrate although it is likely
other mechanisms are also involved (Chapter 5)
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O’Connor and Corrigan (2001b) showed for a range of diclofenac salts including
benzylamine, tert-butylamine, AMP1, AMP2 and tris, that there was a linear log-log
relationship between [H'] and salt solubility. Solubility was related to pH for a basic
drug by Ledwidge (1997). In this study the pH of the saturated solution was plotted
against the logarithm of salt concentration for each of the model drug salt series and
a linear relationship for etodolac (R?>=0.7049 n=10), flurbiprofen (R?=0.45 n=10),
gemfibrozil (R?=0.6922 n=10) and ibuprofen (R?=0.7049 n=10) was observed.

3.5.3.4.2. Relationships between salt melting points and solubility

It has been observed that salt melting point has an inverse linear relationship with the
logarithm of salt solubility for a series of secondary amine hydrochloride salts (n=8)
(Thomas and Rubino, 1996). Ledwidge reported a similar relationship for a series of
salts of an experimental basic drug CEL50 (n=7). A direct relationship between the
inverse of the melting point and the logarithm of the solubility for a range of salts of a
basic anti-malarial drug was observed by Agharakar et al., 1976. Anderson and
Conradi (1985) reported a non-linear relationship between the salt melting point and
log Ksp (stoichiometric solubility) for a series of flurbiprofen salts (n=6). O’Connor and
Corrigan (2001b) observed a trend between salt melting point and the logarithm of
the solubility (n=8) and between the inverse of the melting point and the logarithm of
the solubility (n=8) for a selection of amine salts of diclofenac.

Conversely, Gu and Strickley (1987) concluded that no simple solubility-melting point
relationship could be established for tris(hydroxymethyl)aminomethane salts of four
anti-inflammatory drugs.
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Figure 3.16 Relationship between melting point and solubility for a range of amine salts for the
drugs etodolac, flurbiprofen, gemfibrozil and ibuprofen.
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Within the range of amine salts studied here (etodolac (n=10), flurbiprofen (n=11),
gemfibrozil (n=10) and ibuprofen (n=10)), no relationship was found between salt
melting point and solubility (figure 3.16).

This suggests, together with experimental results from Gu and Strickley (1987) that
melting point relationships are complex when considering salts, which are a
combination of covalent bonds, ionic bonds and intermolecular forces. Whereas the
melting points of covalently bonded molecules can be related to aqueous solubility,
once another molecule is added by ionic bonds this alters the melting point

characteristics in an unpredictable way.

3.5.4 Contact-angle measurements

3.5.4.1 Introduction

Camtel Instruments LTD performed two experiments at their head office in Royston
which investigated the contact angle of water when it was dropped on a powder
sample of model drug or salt. Gemfibrozil was selected because of its low aqueous
solubility (0.022 mg/ml) and gemfibrozil butylamine was selected because of its high
solubility (35.94 mg/ml). A drop shape analyser was used to measure the surface
tension and contact angle with video-based analysis.
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The sessile drop technique has been used for estimating the surface energy of
pharmaceutical powders (Ahfat et al., 2000). However, traditionally powders required
compression into disks or compacts; this approach is not ideal because of variation in
porosity and changes in the surface energy. Neumann and Good (1979) reported
that the presence of pores in the surface of the compact leads to sessile drop
penetration over time. Experiments with sulphathiazole showed that if compacts
retain their properties on compression, reliable surface energies can be determined

by video microscopy (Muster and Prestidge, 2002).

Muster and Prestidge (2002) used video microscopy to evaluate wetting of compacts
which is how the Camtel apparatus measures the contact angle, based on Young's
theory and the interfacial tensions of the solid-liquid. Once the surface tension is
known, which can be calculated from the drop weight method (Adamson, 1990),
contact angle can be easily measured and observed with a video with high

magnification.

It is clear to see that the production of compacts is undesirable because many
powders are difficult to compress and may laminate or produce uneven surfaces on
which the liquid drop will land. A new method of measuring the contact angle and
wettability of pharmaceutical powders involves letting an aqueous droplet fall onto a
thin film of powdered sample. This process is videoed by time lapse photography and

the contact angles on either side of the droplet are measured over time.

3.5.4.2 Materials
Gemfibrozil was supplied by DiPharma (ltaly) and gemfibrozil butylamine was made

in-house by the method detailed in section 2.2.

3.5.4.3 Equipment

An FTA-100 series Drop Shape Analyser was used to measure both contact angles
and surface tension by capturing snapshots or movies of the droplet. Contact angles
can be measured from 0-180° low angle images may be difficult to measure

although this can be achieved manually.
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3.5.5.4. Method
A thin film of powder was placed in the sample holder and a drop of water was

introduced to the sample by pressing a button or turning a knob to dispense. The
software automatically analyses the drop shape and computes the contact angle.

The experiment was performed twice for each material.

3.5.4.5 Results and discussion
The contact angle of gemfibrozil butylamine dramatically reduced over time from

around 80° to 14° over about 0.4 seconds (figure 3.17). Gemfibrozil butylamine is
very hydrophilic and wets easily, this is confirmed by its high aqueous solubility. A
DVD included in an envelope on the inside cover of this thesis for a video of the
contact angle measurement over time. It requires Real Player viewer to open the

document.
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Figure 3.17 Contact angle (CA) measurements for gemfibrozil butylamine (n=2) in seconds (s).

Gemfibrozil was observed for 60 seconds and over this time the contact angle
remained relatively constant (figure 3.18). The contact angle was 121° at the start of
the experiment and was 105° at the end of the 60 seconds, a substantially reduced

change than for gemfibrozil butylamine. The movie of this experiment shows the
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water droplet remains on top of the powder for the duration of the experiment,
whereas for gemfibrozil butylamine, the droplet is absorbed into the powder.
Gemfibrozil is determined to be hydrophobic with this experiment in accordance with
its low solubility in water (0.022 mg/ml).
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Figure 3.17 Contact angle (CA) measurements for gemfibrozil (n=2) in seconds (s).

The results of these experiments confirm that gemfibrozil is poorly wettable and
consequently has a low water solubility and the salt gemfibrozil butylamine is very
easily wettable and also has a high water solubility. It is difficult to draw any further
conclusions because of the small data set and ideally experiments would have been
repeated at least three times to achieve a definitive result. It would have been
beneficial to analyse all of the salts to see if the contact angles, or wettability results

were related to solubility.

3.5.5 Estimation of solubility using the SPARC on-line calculator

The SPARC online calculator was used to calculate the approximate theoretical
solubility of the drugs and salts used in the previous experiments. The calculator has
successfully been used previously by Letinski et al. (2002) for the structure-property

model predictions of solubility with alcohols and diesters. The paper describes
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experimental data for aliphatic alcohols and phthalate and adipate diesters using a
slow stir water solubility test method and compares them with calculated predictions.
Due to unreliable solubility data because of emulsion formation and phase
separation, two quantative structure property models SPARC (Karikhoff et al. 1991)
and WSKOWWIN (Meylan et al. 1996) together with a novel solubility method which
avoided such problems were used to calculate the water solubility range of the
selected alcohols and diesters. The SPARC model estimates agreed more closely
with the measured values than the WSKOWWIN model. The SPARC data was found
to fit the experimental data better, from a linear regression of the data. The SPARC
model uses molecular properties to calculate an estimated solubility whereas the
WSKOWWIN model requires octanol/water partition coefficient data to estimate
solubility.

The SPARC model was therefore chosen to estimate the aqueous solubility of the

drug and salts used in the following experiments.

3.5.5.1 Method

The SPARC online calculator can be found at http://ibmlc2.chem.uga.edu/SPARC/
and at the home page selection of Properties, then Options and Solubility leads to

the online calculator. A calculation is performed by selecting SMILES and input of the
molecules structure using the SMILES abbreviated form and click on Calculate.
SPARC requires the melting point of the molecule to calculate the water solubility in
mg/l.

3.5.5.2 Results

The results from the calculator clearly do not agree with the experimental values by
at least 1000-fold for the salts (table 3.20 and 3.21). The estimated solubilities of the
drugs are closer to experimental but still approximately 10-fold different for etodolac.
The drug with the highest estimated solubility is ibuprofen but etodolac has the
highest experimental solubility
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Table 3.20 SPARC versus measured aqueous solubilities (mg/ml) of etodolac and flurbiprofen

salts (n=3; mean; £SD) under ambient conditions.

Material SPARC Actual Material SPARC Actual
solubility solubility solubility solubility
Etodolac 0.0292 0.222 £ 0.097 Flurbiprofen 0.0177 0.033 £0.014
E butylamine 0.00609 17.62 £ 0.208 F butylamine 0.0000353 5.39+£0.220
E pentylamine 0.00345 14.75 £ 0.054 | F pentylamine 0.0000235 7.17 £0.357
E hexylamine 0.000782 5.86 + 0.161 F hexylamine 0.0000119 2.60 £ 0.069
E octylamine 0.000119 1.53 + 0.007 F octylamine 0.00000443 0.56 + 0.009
E benzylamine 0.00146 3.16 £ 0.028 | F benzylamine 0.0000435 2.85+0.198
E 0.00406 4.87 £0.038 F 0.0000828 0.37 £ 0.149
cyclohexylamine cyclohexylamine
E tert 0.0308 15.69 £ 0.497 F tert 0.000245 277 +0.083
butylamine butylamine
E AMP1 0.144 7465+ 3.774 F AMP1 0.00800 8.94 £ 1.430
E AMP2 1.882 N/A F AMP2 0.144 11.56 £ 1.244
E tris 1.048 101.03 = F tris 0.341 11.16 + 2.351
0.855

Table 3.21 SPARC versus measured aqueous solubilities (mg/ml) of ibuprofen and gemfibrozil

salts (n=3; mean; £SD) under ambient conditions.

Material SPARC Actual Material SPARC Actual
solubility solubility solubility solubility
Gemfibrozil 0.00932 0.022 + 0.008 Ibuprofen 0.113 0.071 £ 0.002
G butylamine 0.0000285 35.93 + 1.808 I butylamine 0.00115 162.66 +
_ 8.645
G pentylamine 0.00000943 5.76 + 0.092 | pentylamine 0.000483 12.42 + 0.081
G hexylamine 0.00000678 3.73 £ 0.064 | hexylamine 0.000162 6.15 £ 0.471
G octylamine 0.00000470 0.88 £ 0.006 | octylamine 0.0000628 1.65 + 0.548
G benzylamine 0.0000323 2.66 £ 0.033 | benzylamine 0.000476 0.25+£0.196
G 0.0000825 3.47 £ 0.179 I 0.000676 1.03 £ 0.034
cyclohexylamine cyclohexylamine
G tert 0.000110 7.86 £ 0.268 | | tert butylamine 0.00100 5.02 £ 0.048
butylamine
G AMP1 0.00522 11.76 + 1.527 I AMP1 0.0629 135.00 +
28.058
G AMP2 0.0512 7.76 £ 0.989 I AMP2 0.889 N/A
G tris 0.104 8.46 £ 0.494 | tris 1.180 8.97 £+ 0.156
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3.5.6 Salt solubility in buffer

3.4.6.1 Introduction

The aim of this section was to investigate the solubility of the model drugs and a
selection of their amine salts at a fixed pH. This was carried out to minimise any pH
effects that can be a driving force for increasing solubility. In these experiments pH
was not controlled but measured after the solution equilibrated after 48 hours (section
3.4.3). Phosphate buffer (pH 6) was used because it is approximately 2 pH units
above the pK; of the model drugs and a similar degree of ionisation should therefore
be present in all the samples. This provided two points on the pH solubility curve for
each salt investigated and so a pH-solubility curve could be derived from the results;
this could be used to predict the aqueous solubilities of the salts at a particular pH.
The butylamine, hexylamine and AMP1 salts of all model drugs were tested and the
AMP2 salts of etodolac and ibuprofen.

3.4.6.2. Materials and Experimental

All materials were used as in section 2.2. Double distilled water was generated in-
house using a Fison’s Fi-Streem still.

A Variomag electronic multipoint magnetic stirrer set at 500 rpm was used for sample
preparation. HPLC equipment was used as detailed in section 2.1.1.2. The

composition of the buffers are detailed in Appendix 1.

3.4.6.3 Methods

The saturated aqueous solubilities of model drugs and prepared salts were
determined at pH 6 under ambient conditions. Excess solid was added to 15 mi of
water together with a small magnetic flea and stirred for at least 48 hours; the
experiment was performed in triplicate. After 48 hours the pH was recorded and 10
ml was extracted with a plastic disposable syringe. The sample was filtered through a
0.45 pm PTFE syringe filter and diluted, if necessary, with solvent mix (acetonitrile:
water 65:35) using micropipettes and appropriate volumetric flasks. Calibration
standards were made to cover the range of solubilities detected. The samples were
analysed by HPLC.
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3.4.6.4 Results and discussion
The results from the saturated aqueous solubilities of model drugs and a selection of
amine salts at pH 6 are detailed in table 3.22 and 3.23, below. The results are further

displayed in figures 3.18 to 3.19 in the form of bar charts for ease of visualisation.

Table 3.22 Solubility of the butylamine, hexylamine and AMP1 salts of etodolac and
flurbiprofen, including etodolac AMP2 in pH 6 buffer. (n=3; mean £SD)

Material Solubility pH Material Solubility pH
mg/mi mg/ml

Etodolac 2.11+0.399 5.97 Flurbiprofen | 0.480 £ 0.038 5.80

E butylamine 2.52 + 0.357 6.15 F butylamine | 0.735+0.102 5.93

E hexylamine 1.32+0.223 5.75 F hexylamine | 0.955 + 0.086 6.40

E AMP1 219+ 0.156 6.12 F AMP1 0.569 + 0.159 5.88

E AMP2 2.51+0.346 6.22

Table 3.23 Solubility of the butylamine, hexylamine and AMP1 salts of gemfibrozil and
ibuprofen, including ibuprofen AMP2 in pH 6 buffer. (n=3; mean £SD)

Material Solubility pH Material Solubility pH
mg/ml mg/ml
Gemfibrozil 0.038 £ 0.058 6.50 | Ibuprofen 1.62 £0.284 6.10
G butylamine 0.263 + 0.020 6.48 | | butylamine 1.33+£0.130 5.89
G hexylamine 0.475 +0.020 6.62 | I hexylamine 1.93 + 0.041 6.35
G AMP1 0.232 £ 0.056 6.28 | | AMP1 1.58 £ 0.110 6.05
I AMP2 4.71£0.034 6.55
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Figure 3.18 Aqueous solubilities of the butylamine, hexylamine, AMP1 and AMP2 salts of
etodolac and ibuprofen in pH 6 buffer (n=3; mean +SD).

The results show that when the solutions are left to equilibrate at room temperature
for at least 48 hours in buffer solution only a small increase in solubility is observed
and in some cases, it can result in a reduction in solubility compared to the parent
compound.

The etodolac salt series show no increase in solubility for each salt and the
hexylamine counterion reduces the solubility. The ibuprofen salt series show no
increase in solubility except the AMP2 counterion which shows a 2.9-fold increase in

solubility, but this result could be due to the elevated solution pH compared to parent.
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Figure 3.19 Aqueous solubilities of the butylamine, hexylamine amine salts of flurbiprofen and
gemfibrozil at pH 6 (n=3; mean +SD).

Flurbiprofen salts show an increase in solubility compared to the parent (figure 3.19).
The maximum increase was for the hexylamine counterion. A two-fold-increase in
solubility at pH 6.4 was measured compared to the parent at pH 5, the elevated
solubility was due to pH. The salts of gemfibrozil show improved solubility compared
to parent The pH range is only 6.3 to 6.5 in all the experiments. The salts produced
an increase in solubility of between 6.1- and 12.5-fold compared to parent, the
hexylamine salt having the greatest solubility. The gemfibrozil salts gave the best
improvement in solubility at pH 6. The butylamine salt does not generally give an
increased solubility at pH 6, as seen in section 3.5.3 and that in these experiments
the hexylamine salts can increase the solubility more extensively for flurbiprofen and
gemfibrozil at pH 6.

From these data, it can be concluded that the increased solubilities observed in

section 3.5.3 are due to the counterion affecting the pH of the solution. When pH is

not controlled in any way (i.e. when no buffer is used), the diffusion layer model
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proposes that the pH of the saturated solution represents the pH of the theoretical
diffusion layer surrounding the salt as it dissolves. When using a buffer at pH 6 the
diffusion layer is saturated with a solution of controlled pH, so inhibiting the
dissolution of the drug-salt within the diffusion layer. This explains why the solubility

is not elevated for all of the salts formed.

3.5.7 Dissolution

3.5.7.1 Introduction

The dissolution methods were based on the official USP paddle and basket
apparatus. Apparatus 1 includes a cylindrical vessel with hemispherical bottom and a
nominal capacity of 1 litre, made of glass contained in a secure assembly where it is
heated to a temperature of 37°C x 0.5°C. The shaft is positioned along the vertical
axis of the vessel and a cylindrical mesh basket is attached, as described in the USP
26. The shaft rotates at a speed of 100 rpm + 4%. The distance between the inside
bottom of the vessel and the basket is maintained at 25 + 2 mm during the test.

Apparatus 2 uses the assembly from Apparatus 1, except that a paddle formed from
a blade and a shaft is used as the stirring element, as described in the USP 26. The
paddle and shaft may be coated in an inert material and held at 25 + 2 mm above the
bottom of the vessel throughout the test. The dosage unit is allowed to sink to the

bottom of the vessel before rotation of the blade is started, usually at 50 rpm.

Dissolution media composition is commonly phosphate buffers of pH 6.8 to 7.6. The
BP monograph for gemfibrozil tablets states a dissolution medium of pH 7.6 to be
used in a volume of 900 ml. There is no BP test for flurbiprofen tablets so a pH of
dissolution medium of pH 7.2 for gemfibrozil and pH 6.8 for flurbiprofen was chosen
by ourselves to ensure good solubility and similar degrees of ionisation (pKa of 4.6
and 4.2 respectively, SPARC online calculator) and a dissolution volume of 1000 ml

was used for all experiments.
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3.4.7.2 Statistical Analysis

Dissolution curves

The f; test is a logarithmic transformation of the sum-squared error of differences
between the test T; and the reference products R; over all time points, n (Moore and
Flanner, 1996)(equation 3.20).

=05
f2=50 log“:l + (lJZ wi(R: - T:)z] . 100} equation 3.20
n t=1

where w; is an optional weight factor.

The FDA has recommended the use of the f; test to discriminate between test and
reference dissolution profiles, in the document FDA Guidance for Industry, Waiver of
in-vivo bioavailability and bioequivalence studies for immediate release solid oral
dosage forms based on a biopharmaceutics classification system (August 2000). The
f2 test is a similarity factor test that measures the similarity in percent (%) of
dissolution between the two curves. This method is suitable to compare dissolution
profiles when more than three or four dissolution time points are available and can

only be applied if the difference between R; and T; is less than 100.

The FDA suggested that two dissolution profiles are considered similar when the f,
value is between 50 and 100. To allow the use of mean data, the coefficient of
variation should not be more than 20% at the earlier time points (e.g. 10 minutes) and
should be no more than 10% at other time points. From the context of these
guidances it is generally interpreted that f, should be calculated from cumulative
percent dissolved.

The f; test is insensitive to the shape of the dissolution profiles and cannot take into
account unequal spacing between sampling time points. It is impossible to evaluate
false positive and false negative results based on f, as the similarity factor is a
sample statistic and cannot be used to prove a statistical hypothesis. It has also been
suggested that the similarity factor is too liberal in concluding similarity between
dissolution profiles (Liu and Chow, 1996; Liu et al., 1997). It is unlikely to achieve a
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value of 100 as, in practice, batch to batch variation generates slightly different
dissolution profiles although the clinical effect is unaffected. Gohel and Panchal
(2002) recommend a lower acceptance limit of 60 and propose an amended equation
to calculate similarity between dissolution curves.

The similarities between dissolution curves can also be assessed by other statistical
analysis such as the difference factor (f;) (Moore and Flanner, 1996) and the
Rescigno index ({1 and {») (Rescigno, 1992). Alternatively an ANOVA one-way
analysis of variance could be performed on the differences of release at dissolution
time points. As with all statistical methods, there are advantages and limitations and
the acceptance limit criteria can always be questioned. For the purpose of this thesis,
the f, test has been selected as the statistical method of choice, because it is
recommended by the FDA.

For the experimental data in this section a separate classification has been created in
order to differentiate retarded dissolution and enhanced dissolution. Four categories
have been formed and given a sign indicating the effect on dissolution which is based
on their f; value, see table 3.24. The dissolution profiles of the salts were compared
to the parent compound and the effect on the dissolution profile was given a
classification, as described in table 3.24

Table 3.24 F; fit factors for classification of dissolution curves into categories.

Sign Classification f; value

++ Significant enhancement of dissolution 0-25

+ Moderate enhancement of dissolution 25-50

No sign No effect on dissolution 50-100

- Dissolution inhibition 25-50
No measurable dissolution 0-25
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3.5.7.3 Powder dissolution

The aim of these series of experiments was to investigate the controlled powder
dissolution of the model drugs and a selection of their amine salts over a range of pH.
The primary objective was to study the effect of pH on the solubility and dissolution of
the salts and to determine which salt had the greatest ability to alter its immediate

microenvironment and therefore improve dissolution.

Powder dissolution was performed at pH 7.2 for flurbiprofen, gemfibrozil and its salts.
Additionally, buffer solutions were prepared one pH unit above the pK, of the model
drug to be investigated e.g. etodolac and its salts were analysed at pH 5.2,
flurbiprofen and its salts at pH 5.2, gemfibrozil at pH 5.6 and ibuprofen at pH 5.5.
These conditions were used to ensure that the same degree of ionisation was
maintained throughout the study and so that the free acid had a solubility adequate

for detection.

3.5.7 .4 Dissolution at pH 7.2

3.5.7.4.1 Materials

All materials were used as in section 2.2. Potassium dihydrogenorthophosphate,
disodium hydrogenorthophosphate, orthophosphoric acid, sodium hydroxide were
supplied by Sigma-Aldrich (Poole, UK). All materials were of analytical grade.

3.5.7.4.2 Equipment

The dissolution equipment consisted of a Hanson SRII 6-flask dissolution test station,
equipped with 1 litre round bottomed flasks and wax-covered baskets conforming to
Apparatus 1-USP regulations. The mesh baskets were covered with paraffin prior to
use, as described in section 3.4.5.1 and used by Shaw (2001). Sampling was
performed manually by extracting 2 ml of dissolution medium with a disposable
syringe from the sample tube and placing 0.5-1 ml in hplc vials; the remaining
solution was returned to the vessel. Analysis was performed by hplc as described in
section 2.1. The calibration data was used to calculate the amount of drug released
during dissolution.
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3.5.7.4.3 Method

6 litres of phosphate buffer pH 7.2 was prepared as detailed in the appendix. 100 mg
+ 3 mg of model drug or salt were weighed in the wax-covered baskets. The baskets
were gently tapped to give an even level of powder until it was below the upper limit
of the paraffin coated mesh. 1 litre of dissolution medium was placed in the glass
dissolution flasks and warmed to 37.5 + 0.5 °C. The mesh baskets and sampling
rods were slowly lowered into the dissolution flasks to the positions specified by the

USP and then the rotational motor was set at 100rpm.

All dissolution experiments were conducted over 90 minutes and sample time points
were at 10, 20, 30, 50, 70, 90 minutes. More data points were taken at the start of the
experiment because most of the dissolution was expected to occur within the first 30
minutes. As the data was collected manually considerable dexterity and organisation
was required to ensure all the samples were taken within 20 seconds of each other to
reduce any variations in that could occur when sampling. Each experiment was
performed in triplicate to enable sound statistical analysis. Calibration standards of
0.1, 0.75, 0.5, 0.25, 0.1 and 0.01 mg/ml were used to generate a standard curve
used to calculate unknown concentrations of dissolution samples.

3.5.7.4.4 Results and discussion

The f, test was used to analyse the dissolution data; a difference of >50 from the
reference is usual to show similarity of dissolution profiles. This rule was used to
judge whether the differences were significant. All f, values were calculated using
pure drug as the reference and averaging the data from all of the replicates. The f;
values calculated for flurbiprofen and gemfibrozil are detailed in table 3.25 and 3.26
below. They indicate that at pH 7.2 salt formation can show both retardation and

enhancement of dissolution compared to the parent drug.
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Table 3.25 f, fit factor results for the powder dissolution of flurbiprofen and a selection of its

amine salts at pH 7.2

Flurbiprofen F, fit factor value f, fit factor
classification

F cyclohexylamine -222 Different

F tert-butylamine -35.3 Different

F hexylamine 58.3 Similar

F benzylamine 59.4 Similar

F AMP1 + 309 Different

F AMP2 +38.9 Different

F tris +42.1 Different

Table 3.26 f, fit factor results for the powder dissolution of gemfibrozil and a selection of its

amine salts at pH 7.2

Gemfibrozil f, fit factor value f, fit factor
classification

G butylamine ++12.9 Different

G AMP1 ++12.1 Different

G AMP2 ++16.3 Different

G tris ++23.3 Different

G cyclohexylamine ++ 245 Different

G benzylamine +33.1 Different

G hexylamine +494 Different

3.5.7.4.4 1 Flurbiprofen

The results show that dissolution is similar with flurbiprofen hexylamine, benzylamine
and the parent drug and that dissolution is retarded with the salts cyclohexylamine
and tert-butylamine at pH 7.2. In fact, the formation of the cyclohexylamine salt
severely retards dissolution at pH 7.2 whereas the tert-butylamine moderately retards
dissolution. This result is contrary to the solubility experiments in section 3.5.3 that

show that solubility was enhanced by salt formation in all cases.

Retardation of dissolution occurs for two salts because the solubility of flurbiprofen at
pH 7.2 is approximately 6.68 mg/ml (section 3.5.3) which is greater than the

132



saturated water solubilities of the salts: tert-butylamine 2.77 mg/ml (pH 6.0) and
cyclohexylamine 0.37 (pH 7.6), (see section 3.5.3). The aqueous solubility of these
salts is less that that of flurbiprofen at pH 7.2, for flurbiprofen hexylamine the
solubility was 2.60 mg/ml (pH 6.4) and for flurbiprofen benzylamine 2.85 mg/ml (pH
7.0) and they would be expected to have reduced dissolution compared to the drug.
However, there is no difference in dissolution rate at pH 7.2 between flurbiprofen and
the salts hexylamine and benzylamine. Hydrodynamic effects and different wetting

properties of the salts may assist the dissolution of these salts.

Dissolution of flurbiprofen was moderately enhanced by the hydrophilic salts with a
dissolution enhancement order of AMP1>AMP2>tris which is opposite to the solubility
order found from the saturated solubility experiments in section 3.5.3 which was
AMP2~tris>AMP1. The solubilities of these salts were 11.6, 11.1 and 8.9 mg/mi
respectively at pH approximately 6.7, whereas the solubility of flurbiprofen is 4.5
mg/ml. The dissolution was of the salts was expected to be higher at this pH, but

differences in particle wetting and particle sizes can affect dissolution rates.

The dissolution profiles of flurbiprofen and its salts are displayed in figures 3.20 and
3.21. Figure 3.21 shows that the dissolution of the AMP1, AMP2 and tris salts give a
moderate enhancement in dissolution at pH 7.2. Figure 3.20 shows that flurbiprofen
dissolution was not enhanced by the amine salts; it was retarded by the tert-

butylamine and hexylamine salt forms.

Results are presented as % of drug dissolved over time, in minutes. Because the
dissolution experiments used a standard basket content of 100 mg they were
equivalent in weight but not equivalent in moles so molecular weight was not
considered. This results in a maximum of approximately 63 to 79 % release of drug if

each salt fully dissolves in the dissolution media.
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Figure 3.20 The powder dissolution of flurbiprofen and its benzylamine, cyclohexylamine,
hexylamine and tert-butylamine salts at pH 7.2. (n=6; mean = SD)
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Figure 3.21 The powder dissolution of flurbiprofen and its AMP1, AMP2 and tris salts at pH7.2.
(n=6; mean = SD)
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3.5.7.4.4.2 Gemfibrozil

The dissolution of gemfibrozil was enhanced for all salts, see table 3.27. The
benzylamine and hexylamine salts enhanced dissolution moderately, whereas the
butylamine, AMP1, AMP2, tris and cyclohexylamine salts greatly enhanced
dissolution. The order from greatest enhancement to least enhancement was
butylamine>AMP1>AMP2>tris>cyclohexylamine>benzylamine>hexylamine and the
solubility order was observed to be butylamine (35.9
mg/ml)>AMP1>tris>AMP2>hexylamine>cyclohexylamine>benzylamine (2.66 mg/ml)

at variable pH, the solubility of gemfibrozil at pH 7 was 0.10 mg/ml (section 3.5.3).

Table 3.27 f; fit factor results for the powder dissolution of gemfibrozil and a selection of its

amine salts at pH 7.2

Gemfibrozil f, fit factor value f, fit factor
classification

G butylamine ++12.9 Different

G AMP1 ++ 12.1 Different

G AMP2 ++ 16.3 Different

G tris ++23.3 Different

G cyclohexylamine ++24.5 Different

G benzylamine +33.1 Different

G hexylamine +494 Different

Therefore the solubilities of all the salts are much higher than the model drug itself at
pH 7.2 and this enhancement in solubility accounts for the enhancements in
dissolution seen in this experiment (figure 3.22, 3.23). The solubility order differs
slightly from the dissolution order probably because of pH and hydrodynamic effects.
Gemfibrozil butylamine undergoes complete dissolution in 10 minutes at pH 7.2
which confirms that the salt has the highest solubility.
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Figure 3.22 The powder dissolution of gemfibrozil and its butylamine, benzylamine, hexylamine
and cyclohexylamine salts at pH 7.2. (n=6; mean = SD)
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Figure 3.23 The powder dissolution of gemfibrozil and its tris, AMP1 and AMP2 salts. (n=6;
mean = SD)
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The flurbiprofen and gemfibrozil experiments were performed at pH 7.2 which is a
favourable pH for dissolution of flurbiprofen. However, because gemfibrozil has a
lower pK, and solubility at pH 7.2, enhancement of solubility was possible. To fully
understand the effect of salts on dissolution it would be beneficial to look at
dissolution at a lower pH to see if dissolution is still enhanced and to perform the
dissolution at a pH where the dissociation of ionised species is constant for all model
drugs.

3.5.7.5 Dissolution at pH 5

Dissolution was performed at one pH unit above the pK, for each of the model drugs,
so i.e. etodolac pH 5.2, flurbiprofen pH 5.2, ibuprofen pH 5.5 and gemfibrozil pH 5.6.
This pH was selected to complement the results of the aqueous solubility in buffer at

pH 6 experiments (section 3.4.4) and observe the effect of pH on dissolution.

3.5.7.5.1 Materials

All materials that were used for these experiments were identical to section 3.4.6.2.1.

3.5.7.6.2 Equipment
Section 3.4.6.2.1

3.5.7.6.3 Method

The method of dissolution was identical to section 3.4.6.2.3 however sample size
was 200 * 2 mg of salt leading to calibration standards of 0.2, 0.15, 0.1, 0.5, 0.1 and
0.01 mg/ml being used.

Powders for dissolution were pre-sieved through 710um steel sieves to remove any

large aggregates.

3.5.7.6.4 Results and discussion

Tables 3.28 to 3.31 list the f, values for the model drugs and a selection of their
amine salts, and their dissolution profiles are shown in figures 3.24-3.27.

Butylamine, hexylamine and AMP1 salts and each model drug were investigated at a

pKa, +1; for gemfibrozil the AMP2 and tris salts were also studied.
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Table 3.28 f; fit factor results for the powder dissolution of etodolac and its butylamine,

hexylamine and AMP1 amine salts at pH 5.2

Etodolac f, fit factor value F, fit factor classification
E butylamine ++16.7 Different
E hexylamine ++17.8 Different
E AMP1 ++ 115 Different

Table 3.29 f, fit factor results for the powder dissolution of flurbiprofen and its butylamine,

hexylamine and AMP1 amine salts at pH 5.2

Flurbiprofen f, fit factor value f, fit factor classification
F butylamine 67.8 Similar

F hexylamine +36.0 Different

F AMP1 57.5 Similar

Table 3.30 f, fit factor results for the powder dissolution of gemfibrozil and a selection of its

amine salts at pH 5.6

Gemfibrozil

F, fit factor value

f, fit factor classification

G butylamine ++4.21 Different
G AMP1 ++26.7 Different
G AMP2 ++19.8 Different
G tris +49.7 Different
G hexylamine 68.5 Similar

Table 3.31 f, fit factor results for the powder dissolution of ibuprofen and its butylamine,

hexylamine and AMP1 amine salts at pH 5.5

Ibuprofen F, fit factor value f, fit factor classification
| butylamine +28.3 Different

| hexylamine 69.6 Similar

I AMP1 ++17.1 Different




Dissolution of etodolac was enhanced by the formation of all the selected salts. The
dissolution of flurbiprofen was enhanced by the formation of the hexylamine salt only,
butylamine and AMP1 had similar dissolution to flurbiprofen. All gemfibrozil salts
enhanced dissolution except the hexylamine salt which had similar dissolution to
gemfibrozil. Ibuprofen butylamine and ibuprofen AMP1 enhanced the dissolution of

ibuprofen; the hexylamine salt had similar dissolution to ibuprofen.

The salts of etodolac markedly enhance the dissolution of etodolac at pH 5.2, (figure
3.24) complete dissolution (approximately 60-70% release) of the salts occurs after
30 minutes. The saturated aqueous solubility of etodolac is about 0.085 mg/mi at pH
497 yet, at pH 5.2 the solubility of etodolac AMP1 is at least 0.16 mg/ml. The
experiment could be re-run with excess of 200 mg of salt to investigate whether the
solubility of the salts is elevated compared to etodolac upon dissolution at pH 5.2.
The measured solubility of etodolac AMP1 at pH 5.2 is comparable to the solubility of
etodolac at pH 5.2 from the pH solubility profile (section 3.5.2) therefore it is not
possible to conclude that the salts have improved the solubility of etodolac from this

data.

The increase in dissolution is explained by the boundary layer theory. Dissolution is
enhanced because the salt provides a microenvironment around each dissolving
particle of intermediary pH. The pH of this diffusion layer is equal to the pH of the
saturated solubility of the salt as determined by Serajuddin and Jarowski (1985), and,
it can be hypothesised that the greater the ability of the counterion to alter the pH of
the diffusion layer, the more successful the salt at enhancing dissolution. Etodolac
butylamine, hexylamine and AMP1 all enhance dissolution to similar degrees and so
alter the pH of the diffusion layer to promote dissolution; this results in enhanced
dissolution.

139




—— etodolac —— butylamine — hexylamine —— AMP1

90 = — — S =

80

L]

70

60

50

% dissolved

40

30

20

10

0 10 20 30 40 50 60 70 80 a0 100
minutes

Figure 3.24 Powder dissolution of etodolac and its butylamine, hexylamine and AMP1 salts at
pH 5.2. (n=3; mean = SD)

Flurbiprofen and its butylamine, hexylamine and AMP1 salts show slow dissolution at
pH 5.2. Although the dissolution curve (figure 3.25) suggests that all the salts
improve the dissolution compared with the model drug, the statistical analysis shows
that only flurbiprofen hexylamine has a different dissolution profile than flurbiprofen,
the two other curves are similar to flurbiprofen. This result can cause the validity of
the f, test to be questioned because the profiles seem to be quite different, but the

dissolution is variable in these samples.

Flurbiprofen hexylamine markedly improves the dissolution to a concentration of 0.06
mg/ml and is still increasing after 90 minutes. The aqueous solubility of flurbiprofen at
pH 5.10 is 0.089 mg/ml, so although dissolution rate is enhanced overall solubility is
not enhanced.
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Figure 3.25 Powder dissolution of flurbiprofen and its butylamine, hexylamine and AMP1 salts
at pH 5.2. (n=3; mean +SD)

Gemfibrozil undergoes almost no dissolution at pH 5.6 (figure 3.26) and has an
aqueous solubility of 0.0032 mg/ml at pH 5.5. Gemfibrozil hexylamine has similar
dissolution to gemfibrozil at pH 5.6. Gemfibrozil AMP1 and gemfibrozil butylamine
undergo complete dissolution at pH 5.6 to an overall concentration of 0.186 mg/ml
which far exceeds the saturated solubility of gemfibrozil at pH 5.5 by 58-fold. In this
example, the actual solubility of the model drug has been increased by salt formation
together with increased dissolution. This result indicates that as dissolution occurs
the salt provides a microenvironment of elevated pH so that gemfibrozil dissolves in
the diffusion layer and does not precipitate as ion-pair theory suggests. Gemfibrozil
may remain dissolved in the diffusion layer which is maintained by the base, or as
gemfibrozil diffuses through the diffusion layer it may remain associated with the
base so that once in the dissolution medium it does not precipitate out. This is
contrary to theory which suggests that as an ion-pair dissolves, it dissociates into

ions that are free to move in the solution because there is no ionic association
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between the acid and base therefore the ions may exist as an ion pair in solution
(Stahl and Wermuth, 2002).

However, in water ions occur as H;O" as this conformation is thermodynamically
favourable, water is covalently bonded but H;O" exists as an ion-pair in solution. It
has been shown that the non ideal properties of strong electrolytes in aqueous
solutions is due to partial dissociation and hydration (Heyrovska, 1996). Heyrovoska
looked at the dissociation of a common electrolyte NaCl and proposed a number of
equations to describe this event. Recent x-ray diffraction studies have demonstrated
the presence of about 30% ion pairs in NaCl (54 (Ohtaki and Fukushima, 1992 and
Ohtaki, 1993). This provides strong support to the hypothesis of partial dissociation of
ion pairs in aqueous solutions, which is demonstrated by equation 3.21 which
represents the equilibrium of a saturated solution of a salt in aqueous solution, using

sodium chloride as an example:

NaCl, . < Na'+Cl” equation 3.21

L)

(m-am)  (am) + (am)

Where a< (or=)1 is the degree of dissociation, m[(1-a)+2a]=im is the total number of
moles of solute and i is the van't Hoff factor.

It is therefore possible that a proportion of salt molecules exist as ion-pairs in
aqueous solution and that there is a dynamic equilibrium in the dissolution medium. If
the pH of the medium is unfavourable for dissolution, the equilibrium may shift
producing more ion-pairs. Therefore there are less free ions are present in a lowered
pH environment in which the acid may precipitate out. This leads to an enhancement
in solubility and dissolution.

The remainder of the gemfibrozil salts including AMP2 and tris also enhance
dissolution but not to the same extent as the butylamine salt. This may be because
the butylamine salt has a greater ability to increase the pH of the diffusion layer

allowing for complete dissolution of the salt at pH 5.6.
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Figure 3.26 Powder dissolution of gemfibrozil and its tris, AMP2 and AMP1 salts at pH 5.6.
(n=6; mean = SD)

Ibuprofen exhibits similar dissolution as the hexylamine salt at pH 5.5 (figure 3.31)
but both AMP1 and butylamine increase the dissolution of at pH 5.5. AMP1 markedly
improves the dissolution (60% dissolved over 90 minutes) and butylamine moderately
improves the dissolution (40% dissolved over 90 minutes). Ibuprofen has an aqueous
solubility of 0.258 mg/ml at this pH and would be expected to completely dissolve in
the dissolution media, this does not occur over 90 minutes, in fact only 6% dissolves
in this time. The saturated aqueous solubility results show both AMP1 and
butylamine ibuprofen salts are above 100 mg/ml and therefore have enhanced
dissolution compared to ibuprofen. The solubility at fixed pH experiments suggest

that these salts do not have an elevated solubility but enhance dissolution.
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Figure 3.27 Powder dissolution of ibuprofen and its butylamine, hexylamine and AMP1 salts at
pH 5.4. (n=6; mean = SD)

3.5.8 Intrinsic Dissolution of salt forms

Intrinsic dissolution experiments were designed to ensure dissolution fluid viscosity,
rotational speed of the sample and surface area were maintained constant
throughout the experiment and that the experiment was performed under sink
conditions (Cs>C). Under these conditions, the rate of diffusion is directly proportional
to the saturated concentration of the drug in solution, if dissolution is controlled solely
by diffusion.

Intrinsic dissolution rate (IDR) is given by:

IDR=K, C, (mg/ml/min) equation 3.22
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K1 is the IDR constant and Cs the saturated solubility (Aulton, 2002).

IDR differs from conventional dissolution measurements from dosage forms where
disintegration of the dosage form occurs first, which exposes an uncontrolled surface
area for dissolution. During IDR measurement, formulation effects are eliminated and
surface area remains constant throughout which allows measurement of the intrinsic

properties of the drug or salt as a function of the dissolution media.

A compressed disk of material is usually made by slow compression of drug in a 13
mm IR disc punch and die, set at a high compaction pressure and long dwell time to
ensure minimum porosity and maximum compression. Aulton (2002) describes the
disk being fixed to the hoider of the rotating basket apparatus with molten paraffin
wax so that it is completely coated. The lower circular face should be cleared of
residual wax, exposing one face of the disk for introduction into the dissolution media.
The coated disk is rotated at 100 rpm in 1000 ml of fluid 20 mm from the base of a
flat bottomed dissolution flask, the amount of drug release is measured over time and
the IDR is calculated as the slope of the line. This method of disk preparation for IDR
measurement is not ideal as many indentations could be introduced to the face of the

disk when removing the wax thus not providing a constant surface area.

IDR apparatus are available commercially from e.g. International Crystal Laboratories
that consists of a die in which the cylindrical compacts can be prepared, when
disassembled one face of the compact is exposed. The compact remains in part of
the die which can be dropped into the dissolution vessel when required. This method
will reduce some of the lamination problems that can affect disk preparation. It was

not possible to use this technology in the experiments as it was too expensive.

Shaw (2001) developed an alternative method of IDR measurement that used poly
tetra-fluoroethylene (PTFE) disk holders, conventional round bottomed 1000 ml
dissolution flasks and a USP paddle as the stirring device. Disks of 13 mm were
compressed using a conventional IR press for 1-10 minutes with a compression of
7000 kg for ibuprofen. PTFE holders were manufactured to fit the disk which were

fixed with paraffin wax.
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Disk preparation for a selection of model drugs and their salts was found to be
difficult as on ejection from the die many of the materials exhibited lamination effects.
Dwell time and applied pressure had to be varied to optimise disk preparation. The
PTFE holders were modified by the addition of a weight to the bottom of the holder to
ensure that the face of the disk always faced the paddle when placed in the

dissolution media (figure 3.28).

Disk for IDR PTFE holder

_ 3mm

paraffin 7mm
3mm x 14mm
20mm
weight Cross-sectional view Aerial view

Figure 3.28 Diagram of PTFE disk holders used in IDR experiments, not to scale.

Classically disks or tablets can be produced to characterise intrinsic dissolution rates,
however this method introduces many variables which can complicate the analysis of
pure drug dissolution. The majority of drugs are poorly compressible so excipients
are commonly used to improve the compression properties of the drug under
investigation. Piroxicam has been found to produce fragile disks that exhibit
fragmentation upon dissolution (Yu et al. 2004). Excipients can also affect the
dissolution behaviour of the compact, modified gum karaya has been found to
enhance dissolution of a poorly soluble drug, nimodipine (Murali Mohan Babu et al.
2001). Interactions may occur between drug and excipients leading to altered
dissolution profiles, O'Dowd and Corrigan (1999) investigated the dissolution kinetics
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of three component compacts and concluded that enhancement in dissolution was

due to complexation between ingredients.

Dissolution behaviour is also determined by the porous layer that develops at the
surface of a two component compressed disk as dissolution occurs. The structure of
this porous layer will be affected by the properties of the two components of the
compact, including their solubility, particle size, packing arrangement and percolation.
Percolation theory considers the situation where pores form in the compact as
dissolution occurs. These are of sufficient size to allow the generation of networks
allowing solvent to penetrate and increase the contact area. Healy and Corrigan
(1996) found that excipient particle size plays a critical role in determining percolation

and thus dissolution rate.

Whilst excipient selection in tablet production is very important, the presence of an
excipient introduces many variables that are beyond the scope of this thesis. As the
aim of this work is to look at the solubility and dissolution of salts, the effect of
excipients is not considered here.

The process of compaction may alter the properties of the ingredients within the
tablets as a high amount of energy is required to form the compacts. Hendriksen
(1990) developed a method for powder dissolution using weighed samples that were
rapidly tipped from a glass vial onto the surface of the stirred dissolution medium.
There are several disadvantages to this method including co-ordinating addition of all
the samples at the same time, rate and location in the vessel and wetting problems
that may occur because the powder may sit on the surface of the media. Shaw
(2001) developed a novel method for powder dissolution by dipping the USP baskets
into molten paraffin wax so that the basket was covered up to 1cm from the base.
Powder was then accurately weighed in the basket so that the powder level was
below the sealant line. The basket rotational speed was optimised at 100 rpm; this
reduced powder disruption in the basket and allowed good mixing conditions. Dash
et al. (1988) noted that the USP basket method was not as discriminating as the USP
paddle method however Shaw (2001) demonstrated that the method had sufficient
sensitivity for the study requirements. This method was chosen to investigate the

dissolution characteristics of the model drugs and salts under controlled pH
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conditions. Dissolution experiments were performed at a pH of one unit above the
pKa for a selection of model drugs and their salts and at a higher pH, to simulate

intestinal conditions.

3.5.8.1 Materials
See section 3.4.6.1

3.5.8.2 Equipment
See section 3.4.6.2

3.5.8.3 Method

Tablets were prepared using flurbiprofen, flurbiprofen benzylamine, flurbiprofen tert-
butylamine, flurbiprofen cyclohexylamine, gemfibrozil, gemfibrozil butylamine,
gemfibrozil benzylamine and gemfibrozil tert-butylamine. Compressed tablets of drug
and salt were made using a Specac KBr press and 13mm die which was based on
the method described by Shaw (2001). The tablets were made using a pressure of 7
tonnes on a powder of weight 0.01 moles + 2 mg with a 5 minute dwell time and a 24
hour recovery time. At least 3 replicates were made of each model drug and salt. The
tablets were carefully attached to the PTFE holders so that no paraffin was present
on the face of the tablet. The dissolution medium was prepared using pH 6.8 for the

flurbiprofen experiments and pH 7.2 for the gemfibrozil experiments.

Samples were extracted using disposable 5 ml syringes and 0.5 ml placed in hplc
vials, the remainder returned to the dissolution chamber. Samples were taken at
regular time points: 5, 10, 20, 30, 50, (70) and 90 minutes.

3.5.8.4 Results and discussion

The main requirement for a dissolution method designed to determine IDRs is that a
significant part of the profile is linear, indicating that a fixed surface area of drug is
exposed to the dissolution medium and the stirring conditions are not causing a
turbulent flow. f, data from the IDR experiments are displayed in table 3.30 and 3.31
and their dissolution profiles in figures 3.29 and 3.30.
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The model drugs were difficult to compress; often they underwent lamination effects
when ejecting from the die so that flakes from the surface of the faces were lost,
exposing rough surfaces. These effects were reduced by reducing the pressure and
dwell time and consequently many tablets were made and appropriate ones chosen
for the experiments. Ultimately lamination effects could not be eliminated and may be
a source of error. The tert-butylamine, benzylamine and cyclohexylamine salts
compressed well to form smooth complete tablets that were always made with ease.
Gemfibrozil butylamine salt had a tendency to stick to the smooth faces of the die
and consequently it was difficult to separate the die faces from the tablet. This was
carried out with a scalpel to ensure the faces of the tablets were not damaged and
that this source of error was kept to a minimum. In an effort to reduce the sticking,
each face of the die was painted with 10% w/v magnesium stearate suspension in
ethanol. The lubricating suspension was left to evaporate before the die was
constructed and powder inserted. Extreme care was required to avoid disturbing the
coating during construction of the die. Determination of IDR requires a constant
surface area, the effects of lamination and stickiness may have increased the surface

area for the salt forms and resulted in inaccurate IDR rates.

The IDR profiles for both flurbiprofen and gemfibrozil and its salts show linear profiles
which indicate that an IDR can be measured with success. The exception is
gemfibrozil butylamine which completely dissolves within 30 minutes and therefore
data was not used to calculate IDR because the profile was not linear. The IDR (in
mg/min/cm?) for both drugs and their salts was calculated by dividing the gradient
obtained from each linear profile by the surface area (1.327 cm?) of the exposed
drug. The data is summarised in tables 3.32 and 3.33. The calculated correlation
coefficients demonstrate good linearity for the IDR rate of the flurbiprofen and
gemfibrozil salts, with R? values of 0.99. It is interesting to note that the IDR order
found during this experiment mirrors the order of solubility i.e. which is flurbiprofen
benzylamine>tert-butylamine>cyclohexylamine. The correlation of solubility to
dissolution was not found in the powder dissolution experiments, probably because
particle size, surface area and hydrodynamic conditions were variable.
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Table 3.32 IDR results for flurbiprofen and its cyclohexylamine, tert-butylamine and
benzylamine salts, n=3.

Material IDR (mg/min/cm®) Correlation coefficient R
Flurbiprofen 0.00062 0.9886
F cyclohexylamine 0.00013 0.9945
F tert-butylamine 0.00046 0.9998
F benzylamine 0.00057 0.9998

Table 3.33 IDR results for gemfibrozil and its butylamine, tert-butylamine and benzylamine

salts. n=3.

Material IDR (mg/min/cm?) Correlation coefficient R?
Gemfibrozil 0.00032 0.9991

G butylamine - =

G tert-butylamine 0.00089 0.9976

G benzylamine 0.00041 0.9985

The IDR rates demonstrate very low dissolution rates, the highest being 0.00089
mg/min/cm? and the lowest being 0.00013 mg/min/cm?. Shaw (2001) found IDR rates
at 70 rpm for paracetamol as 2.62 mg/min/cm? and ibuprofen as 0.3537 mg/min/cm?
using USP buffer pH 6.8. The IDR measurements for flurbiprofen and gemfibrozil
were performed at similar pH and stirrer speed of 100 rpm so IDR was expected to

be similar to that of ibuprofen.

Flurbiprofen salts demonstrate similar dissolution to flurbiprofen or retardation of
dissolution at pH 6.8. The experiment was carried out at pH 6.8 in order to maintain a
constant degree of ionisation between the gemfibrozil (pK, 4.7) and flurbiprofen (pK,
4.3) experiments because there is a 0.4 difference in pK,. Salt formation does not
improve the dissolution characteristics of flurbiprofen. The IDR of flurbiprofen is twice
that of gemfibrozil and has reasonable dissolution at a high pH so the benefits of salt
formation are not seen at this pH.
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Table 3.34 The f; fit values for the intrinsic disk dissolution of flurbiprofen and its benzylamine,

cyclohexylamine and tert-butylamine salts at pH 6.8.

Flurbiprofen f, fit factor value f, fit factor classification
F benzylamine 64.8 Similar

F tert-butylamine -47.3 Different

F cyclohexylamine -25.9 Different

Flurbiprofen, benzylamine salt and tert-butylamine salt IDR resulted in large standard
deviations (figure 3.29) indicating a variability in the results. These errors are
probably due to the uneven surface of the face of the tablet due to lamination effects.
Lamination was minimised as much as possible in the preparation procedure but it
seems the effects were highly significant. It is therefore difficult to rely on the
statistical f, evaluation of the data for these salts as each fit value is compared to the
model drug itself, which has large errors.

The salts of gemfibrozil show the largest enhancement of dissolution, observed for
gemfibrozil butylamine, which has a fit factor of (++12.4) which shows marked
enhancement in dissolution. The other gemfibrozil salts do not result in a different
dissolution to gemfibrozil, however gemfibrozil tert-butylamine gives a 2.8-fold
increase in dissolution although this is not statistically significant according to the f;
test.

The IDR order is the same as the saturated solubility order found in section 3.5.3,
which is gemfibrozil butylamine>tert-butylamine>hexylamine>gemfibrozil.
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Figure 3.29 Intrinsic disk dissolution of flurbiprofen and its benzylamine, cyclohexylamine and
tert-butylamine salts at pH 6.8. Results are the mean of 3 replicates and +SD.

Table 3.35 The f, fit values for the intrinsic disk dissolution of gemfibrozil and its benzylamine,

cyclohexylamine and tert-butylamine salts at pH 7.2.

Gemfibrozil f, fit factor value F, fit factor similarity
G benzylamine 83.6 Similar

G tert-butylamine 53.4 Similar

G butylamine ++12.4 Different
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Figure 3.30 Intrinsic disk dissolution of gemfibrozil and its butylamine, benzylamine and tert-
butylamine salts at pH 7.2. Results are the mean of 3 replicates and +SD.

3.5.8.5 Conclusions

From the IDR experiments it can be concluded that dissolution characteristics can be
related to saturated water solubility data and that a rank dissolution order can be
elucidated from solubility data. (There is not enough data from the IDR experiments
to directly relate solubility to dissolution, ideally it would be beneficial to look at the
salts of etodolac and ibuprofen also)

The dissolution data is more difficult to interpret as dissolution at a high pH results in
retardation of dissolution for flurbiprofen salts because flurbiprofen itself has a high
solubility at that pH. The solubility order for the hydrophilic counterions is consistently
AMP1>AMP2>tris for both flurbiprofen and gemfibrozil at pH 7.2 and pH 5.6, which
confirms the hypothesis that additional hydrophilic groups (OH) do not improve
aqueous solubility. In this case, the saturated aqueous solubility order was not the
same as the rank dissolution rates.
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When the pH of the dissolution media was lowered to one pH unit above the pK,,
enhancement of dissolution was seen for all examples of model drug and selected
salts. Gemfibrozil salts enhanced the overall solubility and dissolution rates due to
the buffering capacity of the basic component of the salt, in the microenvironment of
the diffusion layer surrounding each dissolving particle.

The AMP1 and butylamine salts consistently improved dissolution and the
hexylamine salt caused the greatest enhancement in dissolution for the flurbiprofen

series. This behaviour cannot be predicted from the physicochemical data measured
or the solubility.

154



Chapter 4 The Common lon Effect

4.1 Introduction

4.1.1 Salting-in and salting-out

The solubility of a non-electrolyte in water can either be increased or decreased by the
addition of an electrolyte. When the solubility is increased it is known as salting-in; if it is
reduced it is known as salting-out.

Salting-out commonly occurs when inorganic ions are added to the solution. There is a
reduction in solubility observed as the added electrolyte ions interact with water
molecules, and thus reduce the amount of water available for dissolution of the non-
electrolyte. The greater the degree of hydration of the ions, the more the solubility of the
non-electrolyte is reduced by the added ions. For example if the effect of equivalent
amounts of lithium chloride, sodium chloride, potassium chloride, rubidium chloride and
cesium chloride are considered, then lithium would decrease the solubility to the
greatest extent as the salting-out effect decreases as the alkali metal becomes larger.
Lithium is the smallest ion and has the greatest density of positive charge per unit of
surface area and is the most extensively hydrated, whereas cesium is hydrated the
least. Salting-out is encountered frequently and commonly affects the solubility of
proteins in the presence of inorganic ions. Arakawa and Timasheff (1984) identified that
the mechanism of protein salting-out by divalent cation salts was controlled by the
balance between hydration and salt binding.

The salting-in effect occurs when either the salts of various organic acids or organic-
substituted ammonium salts are added to aqueous solutions of non-electrolytes. The
solubility increases as the concentration of the salt is increased. Arakawa and Timasheff
(1987) discovered the salting-in effect of glycine and sodium chloride towards B-
lactoglobulin. The improved solubility of B-lactoglobulin in solutions containing sodium
chloride and glycine was due to the binding of electrolytes is due to a large dipole

moment on the surface of the protein around neutral pH.
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4.1.2 Common-ion effect

The phenomenon of decreasing solubility due to the presence of one of the ions in
solution is known as the common-ion effect. When the solute phase consists of two or
more species, for example for an ionisable inorganic salt, the solution phase contains
discrete ions:

AB{saﬁd) A A(sofufiﬂn} + B(m.'u.rinn) eqUEtIOH 41

The equilibrium constant (Keq) is the relationship between the solid and saturated

solution phases, as defined by the Law of Mass Action:

a i a olution i
Keq = A(solution) " B(solution) equatlon 42

X 45 (solid)

where Oasolution), OB(solution) @Nd Aagsolia) @re the activities of A and B in solution, which can
be substituted with concentrations for very dilute solutions. The activity of the solid is

defined as unity and equation 4.2 becomes:

K,=C,Cy equation 4.3

where Ca and Cg are the concentrations of A and B in solution. In this situation Keq
becomes Ky, the solubility product.

The presence of ionorganic and organic ions present as excipients or within the
dissolution media can reduce the solubility and the dissolution rate (Serajuddin et al.,
1987) of the salt forms of drugs by the common ion effect. Anderson and Conradi (1985)
observed that the aqueous solubilities of the salts of acidic drugs varied depending on
the cation or base used to prepare the salts. The pH-solubility curve for weak acids

commonly shows an increase in solubility as the pH rises, but the ions present in
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buffered solutions appeared to lower the aqueous solubility of the weak acid, e.g.
flurbiprofen.

The common-ion effect has been recognised as an important phenomenon that lowers
the expected solubility of weak acids. Serajuddin et al. (1987) investigated the
dissolution of an organic acid in different concentrations of NaCl medium. It was shown
that the dissolution rate was affected by the concentration of NaCl in the buffered
dissolution medium and the presence of NaCl reduced the solubility in water. They
concluded that selection of appropriate dissolution medium was necessary to discount
the common ion effect and that comparisons of studies were only possible with similar
strength buffer systems.

Section 3.5.2 shows the pH-solubility profiles for a selection of weakly acidic
compounds, etodolac, flurbiprofen, gemfibrozil and ibuprofen. Most of these compounds,
with pKa'’s of around 4, exhibit model pH-solubility profiles where solubility rises as pH
increases according to the solubility of a weak acid equation (equation 3.7).

Flurbiprofen and its pH-solubility curve has been documented by Anderson and Conradi
(1985) and Anderson and Flora (1996). They describe a pH-solubility curve that is split
into two regions; the first region (pH<7.3) where the free acid is present and Region ||
(pH>7.3) where the sodium salt is formed. This two region solubility system has been
observed also with diclofenac by O’Connor and Corrigan (2001a) and Ledwidge and
Corrigan (1998). Common ion effects have also been reported for other drug-salt
systems using basic drugs by Bogardus (1982) who looked at common ion equilibria
with hydrochloride salts and Serajuddin and Jarowski (1985) who studied

pharmaceutical acids and their sodium salts.

The solubility range is generally estimated to be 4 log units between the uncharged and
ionised acid before the common ion effect becomes apparent and a solubility maximum
is reached, whereas the solubility range of bases is approximated to be 4 log units

(Avdeef, 2001, 2003). However many have found exceptions to these generalisations
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and concluded that the common ion effect is substance specific and it is a difficult
mechanism to predict or generalise on (Streng et al., 1984; Anderson and Conradi,
1985). Bergstrom et al., (2004) investigated the solubility of a large number of basic
drugs at a range of pH values in phosphate buffer. They found that the drugs had lower
solubilities in the phosphate buffer than other solvents and this was attributed to salting
out effects (Arakawa and Timasheff, 1984; Kalil et al., 2000; Ni and Yalkowsky, 2003)
and as many of 36% of compounds showed a solubility range of 1-2 log units. 24%
displayed a solubility range of 2.5-3.5 log units, indicating a varied response to the
common ion. Streng et al. (1984) found that the solubility of terfenadine was seven times

higher in the presence of lactic acid compared to phosphoric acid.

Thus the use of the Henderson-Hasselbach (HH) equation to calculate solubility can
give values that are very different from experimental observations and that the
estimation of parameters using the HH equation, e.g. calculation of solubility,
lipophilicity, and pH-dependent permeability can lead to inaccurate results. This may
help to explain the poor performance of software packages that calculate solubility which
do not take into consideration the common ion effect. Bergstrom et al. (2004) also made
the point that solubility data found in the literature is often determined at different pH
values, using different solvents, temperatures and end points. If the experiments are
performed at different ionic strengths then this may have a huge impact on the aqueous
solubility due to the common ion effect. The solubility slope which is predicted by the HH
equation to be -1 log unit/pH unit for cationic drugs, varied from -0.5 to -8.6. The large
variation in slope demonstrates the variable response of each compound and was
attributed to dimers or aggregates such as micelles. Formation of complexes has also
been attributed to larger slopes than -1 (Dittert et al., 1964). Bergstrom neglected to
consider that the HH equation was probably inappropriate to use in his set of
experiments because each compound’s solubilities were all affected by salting out. The
HH equation was designed to describe compounds that were not affected by this
phenomenon. It would have been better to look at solubility as a function of ionic
concentration together with pH, as solubility is controlled by the presence of the
common ion and not only pH.

158



The common-ion effect occurs because, as the solution is made more alkaline, the pH
rises due to the addition of sodium hydroxide, a strong alkali. As more and more sodium
ions saturate the solution, the free acid is ionised in solution and due to the equilibrium
shifting prefers to form an association with sodium. The subsequent sodium salt form
has a reduced solubility in the aqueous environment and precipitates out, reducing the
overall solubility.

This section investigates what occurs when the pH rises above 7, especially with
flurbiprofen and to explain why the solubility falls as the pH increases in Region Il of the
pH solubility curve. A systematic approach to studying Region Il was developed which
included a range of NSAIDs to determine which drugs exhibited a depression in
solubility as pH increased.

Experiments were designed in three stages:

Stage 1 - Solubility screen to identify an NSAID that would be susceptible to the
common ion effect.

Stage 2 - Investigate the saturated solubility of each NSAID in increasing
concentrations of sodium hydroxide solution. This was done to mimic what actually
happens as pH increases and models what occurs in Region Il. In Region I, not only
does pH increase, but the concentration of sodium and hydroxide ions increases as pH
rises.

Stage 3 — Identify an optimum concentration of saturated NSAID in sodium hydroxide
solution. To this solution, small amounts of sodium chloride were added to observe the
effect of added sodium ions on the solubility of the NSAID, to explain the pH-solubility
curves observed with flurbiprofen. The results of this experiment would confirm that the
common ion effect was responsible for the reduction in solubility as the pH increased
above 7.

Seven NSAIDs were tested which were: etodolac, flurbiprofen, gemfibrozil, ibuprofen,

indomethacin, naproxen and piroxicam.
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4.2 Experimental

4.2.1 Materials

Diclofenac, indomethacin, naproxen, piroxicam and sodium hydroxide were obtained
from Aldrich (Poole, UK). Etodolac, flurbiprofen, gemfibrozil and ibuprofen were obtained
as detailed in section 2.2. Standard 1 M sodium hydroxide solution was obtained from
Fisher Scientific, Loughborough, UK. Double distilled water was generated in-house

using a Fisons Fi-streem still.

4.2.2 Equipment

A Variomag multipoint stirrer was used for sample preparation, set at 500 rpm. HPLC
equipment and methods were used as detailed in section 2.1.

4.2.3 Method

4.2.3.1 Solubility screen in 2 M sodium hydroxide

A solubility screen was devised to measure the solubility of the selected NSAIDs in 2 M
sodium hydroxide solution. 20 ml of 2 M sodium hydroxide solution was accurately
measured into 40 ml glass sample vials. A small magnetic flea was placed in each vial
and excess powdered NSAID was added to the solution until saturated. The vials in
which a precipitate formed easily were identified as being affected by common ions and

those materials were used in further experiments. These are identified in section 4.2.4.

4.2.3.2 Solubility of NSAID in sodium hydroxide

Solutions of 2, 1.5, 1, 0.5 and 0.1 M sodium hydroxide were prepared and 10 ml of each
was accurately pipetted into 40 ml glass sample vials containing a small magnetic flea.
Solid was added incrementally to each solution until a precipitate formed and was
maintained for the duration of the experiment. The vials were stirred on a magnetic
stirrer for 24-48 h to allow for equilibration; after this time the samples were analysed. 5
ml was extracted from each vial with a disposable syringe and filtered through 0.45 ym
2.5 cm diameter PTFE syringe filters. The filtrate was then analysed by HPLC, to
determine the concentration of NSAID. The experiments were performed under ambient

conditions and in triplicate.
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Additionally concentrations of 1.1, 1.2, 1.3, 1.4 M sodium hydroxide were prepared and

the saturated solubility of naproxen was obtained at each concentration.

4.2.3.3 The effect of added NaCl on a saturated solution of NSAID in sodium hydroxide

200 ml of 0.1 M sodium hydroxide was placed in a beaker with a magnetic flea and
flurbiprofen was added until a saturated solution formed; this was repeated for
piroxicam. Naproxen was added to 75 ml of 1 M sodium hydroxide solution and stirred
with the aid of a magnetic flea. The saturated suspensions were left stirring for 12 h to
ensure equilibrium was established. Additional powder was added if no precipitate was

present. The experiments were performed under ambient conditions and in triplicate.

The solutions were pre-filtered through Whatman ashless paper filters with pore size 12
pm under vacuum using a Buchner funnel and flask. The filtrate was collected and re-
filtered through 0.4 pm cellulose 250 ml bottle top filters under vacuum to remove
excess solid. The filtrate was then measured into 40 ml sample vials with small magnetic
fleas according to table 4.1. Sodium chloride was added to the vials as detailed in table
4.1. The vials were mixed for at least 30 minutes before 5 ml was extracted with a
disposable syringe and filtered through 0.45 uym PTFE syringe filters, supplied by
Chromosexpress. The filtrate was diluted if necessary and analysed by HPLC.
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Table 4.1 Table detailing sample volume and additional sodium chloride to investigate the
common ion effect on saturated NSAID solutions.

Material Volume mMoles | mg added of Overall
(ml) of drug sodium concentration
chloride mmols/ml of
NSAID
Flurbiprofen, piroxicam 10 0.5 29.3 0.05
Naproxen 5 0.5 30 0.1
Flurbiprofen, piroxicam 10 1 58.5 0.1
Naproxen 5 1 60 0.2
Fiurbiprofen, piroxicam 10 15 87.8 0.15
Naproxen 5 1.5 90 0.3
Flurbiprofen, piroxicam 10 2 119 0.2
Naproxen 5 2 120 0.4
Flurbiprofen, piroxicam 10 3 175.5 0.3
Flurbiprofen, piroxicam 10 4 234 0.4
Naproxen 5 4 240 08
Flurbiprofen, piroxicam 10 5 292.5 0.5

4.2.4 Results and Discussion

4.2.4.1 Solubility screen in 2 M sodium hydroxide

Table 4.2 The behaviour of selected NSAIDs in 2M sodium hydroxide solution.

NSAID Solubility in 2M sodium
hydroxide

Etodolac Unlimited
Indomethacin Unlimited
Ibuprofen Unlimited
Gemfibrozil Unlimited
Flurbiprofen Limited
Naproxen Limited
Piroxicam Limited
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Table 4.2 confirms the NSAIDs affected by the common ion effect i.e. those materials
that had ‘limited’ solubility in 2 M sodium hydroxide solution were used in subsequent

solubility experiments.

4.2.4.2 NSAID solubility in increasing concentrations sodium hydroxide

The saturated solubility of flurbiprofen and piroxicam decreased as the molar
concentration of sodium hydroxide solution increased from 0.1 M to 2 M. The reduction
in solubility followed an exponential decline of good regressional fit; for flurbiprofen the
fit is R?=0.8809 and for piroxicam it is R?=0.976 (figures 4.1 and 4.2).
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Figure 4.1 The solubility of flurbiprofen in sodium hydroxide solution, from 0.1-2M. Logarithmic
regression fit of R’= 0.8809. (n=3; mean £SD).

The saturated solubility of flurbiprofen fell from 24.06 mg/ml at 0.1 M to 1.15 mg/ml at 2
M sodium hydroxide (figure 4.1); the standard deviations are small at these
concentrations. Figure 4.3 shows that the solubility of piroxicam decreases from 34.90

mg/ml in 0.1 M to 1.10 mg/ml in 2 M sodium hydroxide; again variation is small.
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Figure 4.2 The solubility of piroxicam in sodium hydroxide solution, from 0.1-2M. (n=3; mean *SD).
The curve has a logarithmic fit of R?=0.976.

Naproxen solubility increased up to a concentration of 1 M sodium hydroxide and then
decreased as the concentration increased above 1 M (figure 4.3). The solubility
increased from 23.66 mg/ml in 0.1 M NaOH to 124.21 mg/ml in 1 M NaOH and then
reduced to 4.69 mg/ml in 2 M NaOH. In order to minimise errors in the concentrations of
sodium hydroxide used, standard sodium hydroxide solutions were purchased and serial
diluted in further experiments. The solubility of naproxen in 1 M standard sodium
hydroxide was found to be 186.81mg/ml, higher than found previously. The new
solubility value was identified as the true concentration as standard solutions were used
and Class A volumetric flasks were used for all volume measurements and calibrated

pipettes.
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Figure 4.3 The solubility of naproxen in sodium hydroxide solution, from 0.1-2M. (n=3; mean £SD).

The solubility of naproxen was explored in more depth between 1 M and 2 M sodium
hydroxide and the results are shown in figure 4.4. Between 1 M and 2 M sodium
hydroxide, a reduction in solubility is seen as observed with flurbiprofen and piroxicam.
The reduction in solubility occurs from 1.1 M and follows an exponential decline in

concentration with a fit of R>=0.919.
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Figure 4.4 The solubility of naproxen in sodium hydroxide solution, from 1-1.5M. The curve has a
logarithmic regression fit of R?=0.919 after 1.1M. (n=3; mean %SD).

The results show that as the concentration of sodium hydroxide increases, solubility falls
exponentially. This may be due to the increasing concentration of Na* present in
solution, which leads to the formation the sodium salt of the NSAID and this has a lower
solubility than the free acid. The sodium salt precipitates out as the solution is swamped
by Na* and the equilibrium in equation 4.1 shifts to the left. As further Na* ions are

added the amount of NaA increases.
NaA, & [Na* Lq + lA_Lq equation 4.1

Stage 3 of the experiment was designed to prove that the solubility of the NSAIDs is
directly affected by sodium ions which reduce the solubility and that the common ion

effect is responsible.
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4.2.4.3 The effect of added NaCl on a saturated solution of NSAID in sodium hydroxide
The results for each drug are displayed in figures 4.5, 4.6 and 4.7. Each shows an
exponential reduction in solubility as increasing amounts of sodium chloride were added

to the solution.
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Figure 4.5 The effect of added sodium chloride on the solubility of flurbiprofen in 0.1 M sodium
hydroxide solution. (n=3; mean 1SD). It has a exponential regression fit of R?=0.9884.
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Figure 4.6 The effect of added sodium chloride on the solubility of naproxen in 1M sodium
hydroxide solution. (n=3; mean £SD). It has an exponential regression fit of R?=0.9431 for the
sloping part of the curve, from 0.2 to 0.5 mmol/ml.
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Figure 4.7 The effect of added sodium chloride on the solubility of piroxicam in 0.1M sodium
hydroxide solution. (n=; mean3 +SD). It has an exponential regression fit of R?=0.9884 for the
sloping part of the curve, from 0.2-0.5mmol/ml.
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Each NSAID has a good logarithmic regression fit to each curve, from R®=0.9884 for
piroxicam to R?=0.9431 for naproxen; piroxicam may have a better fit due to a fewer
number of data points. More data points were collected for flurbiprofen resulting in a
more reliable result. It was more difficult to perform this experiment with piroxicam and
naproxen as when sodium chloride was added at lower concentrations there was a
transient precipitate present in the sample. It was difficult to decide when the appropriate
time was to take the sample. When left to equilibrate for at least 30 minutes, there was a
plateau region before the solubility reduces on addition of sodium chloride, because
after 30 minutes the precipitate re-dissolved. When large amounts of sodium were
present the suspension became very viscous and it was difficult to extract the sample in
sufficient quantities to analyse. These problems required the experiment to be repeated

several times in order to minimise errors.

Figures 4.5, 4.6 and 4.7 show that the selected NSAIDs have solubilities that are
affected by common-ions. Both Anderson and Flora (1996) and Anderson and Conradi
(1985) identified a plateau in flurbiprofen solubility as pH increased, and they displayed
it graphically as solubility (M) versus pH. Serajuddin and Jarowski (1984) observed a
reduction in theophylline solubility as pH increased, displayed as solubility (mg/ml)
versus pH. The reduction in solubility is due to the addition of sodium ions not hydroxide
ions and it is inaccurate to display the reduction in solubility as a function of pH. As pH
increases, solubility would increase due to the presence of hydroxide ions, however
because sodium hydroxide is added the sodium saturates the system and it is
impossible to eliminate sodium or a similar ion from the system. If potassium hydroxide
was used a similar effect would be expected, but the potassium salts would have

different solubilities.

Thomas and Rubino (1994) studied a range of hydrochloride salts of beta-blocking
drugs and their solubility and salting-out relationships. It was reported that some, not all,
salts exhibited salting-out in the presence of sodium chloride and Setchenow plots were

used to analyse the data. The Setchenow equation was originally used as a means to
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characterise and quantify salting-out for a non-electrolyte solute in the presence of
strong electrolytes although Bogardus (1982) concluded that the Steschenow treatment
was inappropriate for description of common-ion equilibria of hydrochloride salts
because self-association of the drug cannot be detected. Data analysis based on
solubility product equilibrium theory was deemed a more satisfactory approach as
detection of self-association is not usually a problem since the apparent Ksp, calculated

as the product of solubility and chloride concentrations, will not be constant.

The Setchenow equation:

log ﬂ;" =K.C equation 4.2

where M,/M is the ratio of the hydrochloride salt solubility in water/sodium chloride
solution, C is the molar concentration of sodium chloride and Ks is the salting out
constant. It remains to be clear whether this treatment is ideal for acidic drugs and their
salts because the methodology in these experiments was very different.

The results were linearised in an attempt to determine a rank order of susceptibility to
the common ion effect. Results from the addition of sodium chloride experiments were
plotted as log of the concentration of solubility (mg/ml) against sodium chloride added
(log(mmol/ml)) and the results are displayed in figure 4.8.
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Figure 4.8 Plots of solubility (mg/ml) against log concentration (mmol/ml) sodium chloride added
for flurbiprofen (0.1 M sodium hydroxide), piroxicam (0.1 M sodium hydroxide) and naproxen (1 M
sodium hydroxide) in sodium hydroxide solutions, actual concentrations in brackets. Only data
from the linear portion of the graph is shown, (n=3; mean ¥SD). A multiple linear regression was
performed on the data and equations of the line and R? values are displayed.

A multiple linear regression was performed on the data for flurbiprofen, piroxicam and
naproxen and the constant K from the slope of the linear portion of the plots. The
materials have a good linear regression fit values of R*= 0.9718 for flurbiprofen, 0.9431
for naproxen and 0.9884 for piroxicam. Unfortunately only four data points were
available for analysis for naproxen and piroxicam and more data points could be
generated from the linear part of the graph. Due to difficulties performing these
experiments (described previously), this was not possible.

Thomas and Rubino (1996) also attempted to determine why there is some structural
specificity in the determination of sensitivity of the compounds to the common-ion effect.
Compounds that exhibited salting-out had ring substituents that were relatively small

and the aromatic rings tend to be planar. The presence of larger, bulkier groups that
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could hinder close stacking was observed to decrease susceptibility. It was concluded
that hydrophobic ring overlap may enhance the stability of the hydrochloride complexes,
and formation of such complexes may facilitate precipitation of the hydrochloride salts in
the presence of excess chloride ion. Serajuddin et al. (1987) concluded that aggregation
occurs in a stacking arrangement for ring type structures. This may explain why
flurbiprofen which has two joined aromatic rings, allows twisting of the planar rings that
may assist stacking and overlap of hydrophobic rings and facilitate the precipitation of
Na® complexes. Piroxicam and naproxen (for structures see appendix A.1) both have

two aromatic rings and may also facilitate the precipitation of Na* complexes.

Thomas and Rubino (1996) observed that materials with one aromatic ring show little or
no salting out, so gemfibrozil and ibuprofen should show no salting out effects and this is
true for this study. Etodolac and indomethacin contain indole rings together with

aromatic rings and these do not show salting-out effects, as observed in table 4.2.

Thomas and Rubino (1996) also discovered there was a direct relationship between log
P and a salting-out constant which was found from the gradient of a plot of solubility
against log concentration, but this relationship is not apparent for this data set.
Naproxen has the highest salting out constant and a Log P value of 3.22 and
flurbiprofen has the lowest salting out constant and a Log P value of 3.44; piroxicam has
a Log P value of 1.8. Although this is based on three samples, drug structure and
association in solution was seen to determine the salting-out behaviour of the selected
examples.

4.2.5 Further work: examination of crystal structure

The assumption is that aggregation of the sodium salt of a weak acid is due to
physicochemical processes that may allow sodium to destabilise the aqueous drug
molecule to allow precipitation of the solid salt. It is presumed that the formation of this
solid is a thermodynamic process, so the system reaches a state of minimum free
energy. DSC and elemental analysis could be performed on a dried precipitate to

confirm the presence of a sodium salt. Examination of the crystal lattice therefore may
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provide an understanding of the thermodynamic processes involved in precipitation and
determining the crystal structure of the sodium salts of e.g. flurbiprofen and etodolac
sodium, may show differences in packing which can explain the behaviour. If it is
possible to distinguish why flurbiprofen or naproxen sodium precipitate rather than
etodolac sodium, then it can be determined why some weak acids are affected by
salting-out and others not.

Further experiments could be done to observe the progression of precipitation with
added sodium. This could be measured by ssNMR, solution calorimetry and surface

tension.
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Chapter 5 Surface active characteristics of drug-salt

systems

5.1 Introduction

5.1.1 Amphipathic compounds

Surfactants or surface-active compounds are molecules that have the ability to
accumulate at phase boundary surfaces and alter the chemistry of the interface.
Amphiphiles are surface-active compounds that have two distinct regions in their
chemical structure; they contain hydrophobic and hydrophilic regions. The
hydrophobic components are commonly hydrocarbon chains or ring systems
containing either saturated or unsaturated bonds. The hydrophilic regions can be
anionic, cationic or non-ionic. Common surfactants and their classification are listed
in table 5.1.

Table 5.1 Classification of surfactants

Anionic Hydrophobic moiety | Hydrophilic moiety
Sodium stearate CH3(CHy) 16 -COO'Na’
Sodium dodecyl sulphate CHs (CH,) 14- -SO,Na’
Sodium dodecyl benzene sulphonate CH; (CH,)11Cs- -SO3Na’
Cationic

Hexadecyltrimethylammonium bromide CHs; (CH,) 45~ -(CH3)aN'Br”
Non-ionic

Heptaoxyyethylene monohexadecyl CH; (CH3) 15~ -(OCH;CH,),OH
ethylamine

The dual nature and structure of these molecules accounts for their unique behaviour
and allows them to adsorb to a solution/air interface thus being surface-active. The
hydrophobic region of the molecule escapes from the hostile aqueous environment
by protruding into the vapour phase. Similarly emulsions can be formed by surfactant
accumulation at oil/water interfaces, with the separate regions protruding into each
phase, leaving the hydrophilic group in contact with the aqueous phase.
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In this way surfactants can lower the surface tension of water by accumulating at the
surface and affecting the arrangement of water molecules at the surface. Each
surfactant molecule squeezes between water molecules and disrupts the surface
tension; this occurs to achieve a minimum free energy state. Since the intermolecular
attraction between water molecules and non-polar groups is less than between two

water molecules, the surface tension is lowered.

The Gibbs adsorption equation describes the equilibrium between the surfactant
molecules at the surface or interface and the molecules in the bulk solution and is
written

dy=-8,.dT -C_du equation 5.1

where Sys is the surface excess entropy, Cys is the surface excess concentration, T is

the temperature, y is the chemical potential and y is the surface energy.

Figure 5.1 shows a typical plot of surface tension against log concentration for aa
aqueous solution of a model surfactant. Surface tension falls rapidly and then
stabilises and becomes constant as concentration is increased. As the surfactant
molecules saturate the surface of the solvent, the increased numbers of surfactant
molecules arrange themselves in an alternative manner. Micelles form when the
surface is saturated with surfactant molecules (figure 5.2) where a collection of
surfactant molecules spontaneously form the most stable conformation and the
hydrophilic moiety is in contact with the solvent and forms the external surface. The
internal part of the micelle contains the hydrophobic section of the amphiphile.
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Figure 5.1 Surface tension versus log concentration plots for a model compound illustrating
typical surfactant behaviour (schematic).
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Figure 5.2 Schematic diagram of the conformation of a typical micelle
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Micelles are formed at higher concentrations because the surfactant molecules prefer
to associate together to shield the hydrophobic portion of the amphiphile. At this
point, there is no further reduction in surface tension as more micelles are formed
and agglomerate as surfactant concentration increases. The surface excess
concentration of surfactant molecules remains approximately the same and further
increases in surfactant concentration do not result in any further change in surface

tension. The intercept of the two linear parts of the lines is termed the critical micelle
concentration (CMC).
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Amphipatic compounds are very useful to pharmaceutical scientists as they can be
utilised in many ways. Surface-active drugs or surfactants can be used to disrupt
membranes to improve the delivery of more insoluble drugs. They can also be used
to solubilize slightly soluble drugs and to prevent them from degradation, also, the
stability of the drug in micelles can be altered favourably or unfavourably by the
presence of surface active agents. In this way, surface active agents including drugs

and other molecules can be used to improve formulations to enhance drug delivery.

5.1.2 Factors affecting the CMC

Addition of electrolytes can alter the mode of association of surface-active materials;,
hence the CMC can be altered. Other factors such as temperature, ionic strength and
pH can also affect the CMC. Consideration of these parameters and their possible

effects is important when designing experiments with surface-active materials.

5.1.2.1 The effect of chain length

The surface activity of a particular surfactant depends on the structure of the
hydrophilic and hydrophobic portions. In a homologous series of surfactants, an
increase in hydrocarbon chain length can strongly affect the CMC; for example, the
CMC of dodecyl B-D-glucoside is 132-times lower than that of octyl B —D-glucoside;
i.e. the CMC decreases by a factor of 3.4 per methylene group (Shinoda et al., 1961).
This effect occurs because, as the non-polar portion increases in size, there is more
disruption at the interface and micelles form more readily. It is well known that the
CMC is strongly dependent on chain length while the type of hydrophilic group has
only a minor effect. For example, adding one CH(OH) unit to RgOCH,-CH;OH, leads
to an increase in CMC by a factor of 1.18 (Shinoda et al., 1959), table 5.2.
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Table 5.2 CMC values of singly dispersed anionic® and non-ionic surfactants (Shinoda et al.,
1996). *Attwood and Florence (1983).

Surfactant CMC mM
RgOH 3.8
RgOCH,CH,0OH 49
RgOCH,CH(OH)CH,OH 5.8

Octyl glycoside 25.0
RgOH 0.23
Decyl glycoside 2.2
Dodecyl glycoside 0.19
SLs? 8.3

5.1.3.2 The effect of added electrolytes

The effects of electrolytes on micelles are an important consideration as physiological
conditions contain many electrolytes which could affect the activity of the micelles
and hence alter the intended action of the micelle. Micelle formation, or CMC, can be
affected by the addition of electrolytes, for example addition of increasing
concentrations of electrolyte to a solution of trimeprazine tartrate causes the micellar
radius to increase (Attwood et al., 1996). The CMC of phenothiazine micelles
decreases and aggregation number increases with increasing electrolyte
concentration. Aggregation number is the number of molecules that are associated
together to form a micelle. At higher salt concentrations, a spherical-to-rod transition
occurs. Similar behaviour has been observed for solutions of conventional
surfactants in high electrolyte concentrations where spherical micelles have
transformed into polydisperse rod-like micelles (Attwood, 1995). Micelle formation of
block copolymer surfactants is encouraged as temperature increases, the
aggregation number increases as there is a decrease in polarity as the temperature
increases (Alexandridis and Hatton, 1995).

5.1.3.3 The effect of hydrophilicity on micelle formation

Micellar amphiphiles have hydrophobic groups consisting of hydrocarbon chains.
Increases in chain length result in a decrease in CMC. Many drugs that are surface-
active form small, tightly packed micelles in aqueous solution (Florence and Attwood,
1998). CMC was observed to decrease with an increase in hydrophobicity for a
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series of diphenylmethane drugs which was characterised by an increase in
aggregation number (Attwood, 1976).

5.1.3.4 The effect of pH

The variation in physiological pH along the gastro-intestinal tract is an important
consideration when designing and delivering drugs for specific purposes. Changes in
pH can affect the ionisation of molecules and will alter the absorption characteristics
of a delivery system. The solution pH can affect the micellisation of drugs and for a
series of piperazine-containing drugs the CMC was increased and the aggregation
number decreased with decreasing pH, due to protonation of the second nitrogen
atom of the drug’s piperazine ring (Attwood and Natarajan, 1981).

5.1.3.5 Studying the micellisation process

Micelle formation has been extensively studied and has been envisioned as a
stepwise process: as the CMC is reached, aggregation occurs and micelles form.
Micelles are characterised by physicochemical parameters such as the CMC,
aggregation number (N) which is the number of surfactant molecules present in the
micelle, particle size and hydrophilic-lipophilic balance (HLB). These parameters are
usually not sufficient to describe a very complex aggregation of molecules, e.g.
micelles are often polydisperse and often average size is usually used to represent
the distribution. Also micelles are assumed to be spherical but cylindrical shaped
micelles have been described by Fendler (1983). Micelles are also highly dynamic
structures and can rotate about their molecular axis (Ernandes et al., 1977) and
diffuse laterally along the micellar surface (Liang et al., 1993). In comparison with
other aggregates, such as bilayers, micelles are loosely packed and less stable
(Frezzatti et al., 1986).

5.1.4 Surface activity of drugs

Surface activity at the air/solution interface has been reported for a wide variety of
drugs which include phenthiazine drugs (Attwood et al, 1996 & 1997),
benzodiazepines (Attwood et al., 1993), tranquilisers and analgesics (Attwood et al.,
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1980), peptides (Hwang and Vogel, 1998), antibiotics and tricyclic depressants
(Atherton and Barry, 1985, Attwood et al., 1995, Sarmiento et al, 1997),
antihistamines (Causon et al., 1981), anticholinergics (Yokoyama et al., 1994), beta-
blockers (Ruso et al., 1999), local anaesthetics (Attwood and Fletcher 1986), non-
steroidal ant-inflammatory drugs (Rades and Muller-Goymann, 1997) and anti-cancer
drugs (King et al., 1989) (table 5.3).

Surface-active drugs associate in two ways (table 5.3); by closed association and by
open association (Attwood, 1995). The hydrophobic groups of most drugs are
aromatic and if these have a high degree of flexibility, then as a consequence, these
drugs may resemble surfactants in their association behaviour. Those drugs with rigid
aromatic ring systems have a charge-bearing moiety, e.g. N attached directly to the
hydrophobic ring system (Attwood, 1995). Although reports using micellar systems to
deliver drugs are widespread, e.g. cytotoxics delivered in liposomes or the use of
surfactants to solubilise or enhance the permeation of poorly soluble drugs, the use
of surfactants as drugs is less widespread. Long chain surfactants containing
quaternary ammonium or pyridinium ions as headgroups have been used as
bactericidal or bacteriostatic agents (Kopecki, 1996). Trimethyl alkylammonium
compounds with alkyl chains ranging from two to 16 carbons have shown long lasting
and almost irreversible anaesthetic activity that increases with increasing chain
length (Scurlock and Curtis, 1981). However, neurotoxic effects render these
compounds unacceptable for clinical use. The potential role of surfactants as drugs

as drug delivery systems has yet to be realised.
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Table 5.3 Micellar properties of some non-peptide surface active drugs in water

Class Drug CMC (M)
Analgesics Dextropropoxyphene 1.0x 10"
Antibiotics Penicillin G 25x10"
Anticholinergics Adiphenine.HCI 8.2 x 107
Antifungal polyenes Nystatin 3.0x10"
Antihistamines Diphenhydramine.HCI | 9.0 x 107
B-blockers Acetobutolol.HCI 1.7x 10"
General anaesthetics Thiopental 7.0x10°
Local anaesthetics Tetracaine.HCI 1.3x 10"
Phenothiazines Chlorpromazine.HCI 1.9 x 102
Tranquilizers Flupenthixol 8.5x10°
Tricyclic antidepressants Amitriptyline.HCI 3.6x107

5.1.4.1 Closed Association

Flexible hydrophobic groups are common in drugs that form stable micelles in
solution, e.g. drugs with a diphenylmethane structure (see figure 5.3
diphenhydramine). A plot of light scattering ratio against concentration shows a well
defined change in gradient at a critical concentration, which is commonly identified as
the CMC. Alternatively surface tension, vapour pressure, osmometry and conductivity
can be measured as a function of concentration. All yield inflection points at critical
concentrations equivalent to the CMC of a typical surfactant system. Figure 5.4

illustrates a typical drug micelle.

R2

"D

H

Figure 5.3 Structure of typical diphenmethane derivatives. Diphenhydramine R1=
OCH,CH,N"H(CH;), R2= H
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Figure 5.4 Schematic representation of a typical micelle of ionic surfactant molecules

5.1.4.2 Open Association

Drugs containing tricyclic, rigid hydrophobic ring structures do not form micelles but
associate in a continuous or open pattern characterised by a lack of concentration
dependency and absence of CMC (Attwood, 1995). These structures generally have
a large group attached to the ring system, e.g. chlordiazepoxide has two charge
bearing N atoms present within the aromatic rings of the molecule and propantheline,
methantheline and pavatrine have ester groups substituted directly on to the ring
system. The continuous association is attributed to the delocalisation of charge on
the hydrophobic ring system; see figure 5.5 for structures.

Accociation of these types of molecules usually starts at low concentrations and the
aggregates grow by a stepwise addition of monomers, consequently the aggregates
continually increase in size rather than attain an equilibrium size as in micellisation.
The aggregation number is commonly used to describe the micellisation process and

represents the number of surfactant molecules in a typical micelle.
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Figure 5.5 Structures of drugs that exhibit continuous association patterns in aqueous

solution: Upper left: propantheline, upper right: methantheline, lower right: pavatrine and lower
left: chlordiazepoxide.

5.1.4.3 Previous studies on surface-active drug systems

Antidepressants, such as amitriptyline, clomipramine, imipramine and nortriptyline
have tricyclic hydrophobic moieties and typically form micelles in solution. Attwood et
al. (1995) studied two structurally related antidepressants, clomipramine and
imipramine (figure 5.6) and concluded that micellisation was affected by ionisation
and temperature. A change in a substituent of one of the hydrophobic aromatic rings
can create differences in the packing characteristics within micelles of clomipramine
and imipramine (Sarmiento ef al., 1997). Clomipramine has a chlorine atom attached
to an aromatic ring which is large and bulky and reduces the CMC when compared to
imipramine which has a small hydrogen atom at the same location. Imipramine and
clomipramine (figure 5.6) were found to form tightly-packed, stacked aggregates
rather than typical surfactant micelles. This was confirmed by calculating the free
space in the interior or apparent molar volume and calculating the adiabatic and
apparent molar compressibility of the drugs.
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Figure 5.6 Structure of clomipramine R= CH,CH,CH,N(CH;) , X=Cl and imipramine
R=CH,CH,CH;N(CHs) , X=H

The phenothiazine tranquillisers such as promazine, chlorpromazine, promethazine
and trimeprazine have been found to aggregate in a micelle-like manner. The drugs
were observed to form pre-micellar aggregates which subsequently grow with further
increases in drug concentration by the stepwise addition of monomers (Atwood et al.,
1990a, Attwood et al., 1990b). NMR studies suggest that convex-concave vertical
stacking of the phenothiazine molecules occurs within the micelles, with alkyl side
chains on alternate sides of the stack (Attwood et al., 1994). In the presence of

electrolytes, micelle size increased as the concentration of drug rose above the CMC.

Trimeprazine and promethazine were studied by Attwood et al. (1996) because of
their structural similarity, trimeprazine has one additional CHz attached to the
phenothiazine ring system (figure 5.7). However ftrimeprazine is available
commercially as the tartrate salt and promethazine as the hydrochloride salt. The
tartrate counterion is influential in determining the mode of association of
trimeprazine even at low concentrations. The association of trimeprazine tartrate
remains micellar in contrast to that of promethazine hydrochloride, which is
characterised by a change to open association as electrolyte is added. This suggests
that there is a large difference in the degree of involvement of the ionised counterion
with the micellar structure and that micelles are predominantly formed with the
tartrate rather than the chloride counterions. The mechanism for preferred micelle
formation with organic counterions has been attributed to the hydrophobic bonding
between the micellar surface and the counterion by Mysels and Princen (1959).

Conversely the mode of association of the antihistaminic drug tripelennamine
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changes from closed to open when the chloride ion is replaced by the maleate ion
(Attwood and Udeala, 1976). No explanation was suggested for this result.

CH,CH(CH;)CH,N(CHy), CH,CH(CH,IN(CH,),

N N
CO0 s OO0 =
s CH(OH)CO_H S

A B

Figure 5.7 Structures of trimeprazine tartrate (A) and promethazine hydrochloride (B).

The association of chlordiazepoxide hydrochloride, flurazepam hydrochloride and
diltiazem hydrochloride were studied by Attwood et al. (1993). Chlordiazepoxide
hydrochloride aggregates by stepwise addition of monomers exhibiting continuous
association, as expected from its structure (see figure 5.5). Flurazepam and diltiazem

hydrochloride form small micelles of typical aggregation number <5 in water.

The sodium salts of two NSAIDs, fenoprofen and diclofenac, have been studied and
display self association properties (Rades and Muller-Goymann, 1997; Ledwidge and
Corrigan, 1998). Fenoprofen sodium association has been studied by NMR, photon
correlation spectroscopy (PCS) and transmission electron spectroscopy (TES) and
the differences in chemical shift of the two phenyl rings of fenoprofen sodium suggest
that the micelles have a bilayer, or partially overlapping bilayer structure. PCS and
TEM support the assumption that disc-like micelles are formed by fenoprofen sodium,
although this could not accurately be determined (Rades and Muller-Goymann,
1997). It was not possible to detect a definitive CMC.

Ledwidge and Corrigan (1998) studied the sodium and N-(2-hydroxyethyl)pyrrolidine
(HEP) salts of diclofenac and observed CMCs of 25 and 20 mM respectively. A
definitive CMC measurement was possible for the HEP salt only, confirming micelle
formation. The sodium salt was assumed to aggregate by open association. The
presence of the hydrocarbon side chain was deemed responsible for micelle

formation.
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Khalil et al. (2000) investigated the aqueous solubility of diclofenac diethylamine
(DDEA) in the presence of polymers and surfactants compared with diclofenac
sodium. They discovered that DDEA was capable of forming micelles at peak
solubility and that micelle association was affected by electrolytes in solution; with
precipitation occurring at high salt concentrations. Solubility was enhanced by all co-
solvents except glycerol which converted diclofenac into the less soluble hydrate
form. Significant deviations from the log-linear solubility equation were found with the
co-solvent systems. The common ion effect was responsible for precipitation of
diclofenac acid in electrolyte solutions.

5.1.4.4 The effect of the counterion on micelle formation

The counterion associated with the charged group of ionic surfactants, particularly
salts of drugs that are ionised in water, has a significant effect on the micellar
properties. Generally the more weakly hydrated the counterion, the larger the
micelles formed by the surfactant. For example small micelles are formed with the
hydrochloride salts which are expected to be easily hydrated (aggregation number
<5) of flurazepam and diltiazem (Attwood ef al., (1993) whereas micelles of tartrate
salts can be much larger (aggregation number 250) (Attwood et al., 1996). Hydrogen
and chloride ions have a high density of positive charge per unit of surface area and
therefore will be extensively hydrated A greater depression in CMC and a greater
increase in micellar size is noted with organic counterions, such as maleates, than
with inorganic ones and has been attributed to the hydrophobic bonding between the

micellar surface and the counterion (Mysels and Princen, 1959).

5.1.5 Surface activity effects of amphiphilic drug-membrane interactions

Surface-active drugs can also interact with membranes because of their hydrophobic
and hydrophilic regions. They can exert a variety of effects at the molecular level
from changes in lipid organisation to channel formation, induction of lipid flip-flop and
of bi-phasic behaviour. Lipid flip-flop is induced by amphotericin B, bi-phasic drugs
include local anaesthetics and tranquillisers (Schreier et al., 2000). These effects
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correlate with cell shape changes, membrane vesiculation, disruption and finally
solubilisation. Chlorpromazine induces solubilisation of membrane proteins thus
disruption of the lipid bilayer (Schreier et al., 2000). Many drugs utilise these
characteristics to exert their effects, for example antimicrobial peptides bind to lipid
membranes and this is their mechanism of antimicrobial action (Schreier et al., 2000).
Some drugs cause cell lysis which is very similar to that of classical detergents,
leading to a low therapeutic index which would require careful dosage e.g.
antipsychotics and local anaesthetics (Macheiros et al., 1998, 2000).

5.2 Experimental

Saturated aqueous solubilities of ibuprofen AMP2 and etodolac AMP2 (section 3.5)
were very high in water and did not reach a saturation point under the conditions
used. A tendency to foam was observed and this suggested that the solutions were
behaving like detergents and that the salts themselves were surface-active.

Etodolac AMP2 and ibuprofen AMP2 were further investigated to examine their
surface active properties and to determine their method of aggregation. This was
studied by measuring the surface tension as a function of concentration and by
dynamic light scattering measurements. A selection of other salts was examined by
dynamic light scattering as micelle formation has been suggested as a possible
mechanism of salt solubilisation behaviour in aqueous solution (O’Connor and
Corrigan, 2001a).

5.2.1 Materials

All drugs were obtained as detailed in section 2.1 and the salts were made according
to the method in section 3.2. Double distilled water was generated in house with a
Fison's Fi-Streem still.

5.2.2 Equipment

The surface tension system consisted of a Camtel CDCA-100 Dynamic Contact
Angle Tensiometer. The tensoimeter was automated and data was collected by the
instrument software. Wilhelmy plate geometry was used to measure the surface
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tension of the solutions. A Wilhelmy plate was used in preference to a DuNouy ring
as it is a direct measurement of surface tension. The Wilhelmy method uses a thin
plate of perimeter about 40 mm which is lowered to the surface of a liquid and the
downward force directed to the plate is measured. Surface tension is directly

calculated from the force divided by the perimeter of the plate.

For the method to be valid the plate must be completely wetted before the
measurement to ensure that the contact angle between the plate and the liquid is
zero. If this is not true then the Wilhelmy method is not valid. The position of the plate
must be correct, the lower end of the plate must be on the same level as the surface

of the liquid, otherwise the buoyancy effect must be calculated separately.

Using the DuNouy ring one must use correction factors which take account the
dimensions of the ring (the perimeter, ring wire thickness and the effect of the
opposite inner sides of the ring to the measurement) therefore the Wilhelmy plate
was preferred.

A Brookhaven ZetaPlus Zeta Potential Analyser together with a Brookhaven ZetaPlus
Particle sizing option allowing particle sizing by photon correlation spectroscopy,
using a 15 mW static laser. The Brookhaven uses Quasi Elastic Light Scattering to
determine particle size and assumes that the particles are spherical in shape.
Particles are commonly polydisperse and when a distribution of sizes is present, the
effective diameter measured is an average diameter which is weighted by the

intensity of light scattered by each particle.

5.2.3 Surface Tension determination

5.2.3.1 Method

The CDCA-100 was used with a small sample container which held a sample volume
of 5 ml. It was programmed to measure the surface tension every second for a
maximum of 5 minutes. The machine automatically raised the platform to the
Wilhelmy plate and held it at the surface of the liquid and measured the surface

tension as a function of time.
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Aqueous solutions were prepared using etodolac AMP2 and ibuprofen AMP2 of at
least 5 ml of concentrations 1, 2.5, 5, 10, 15, 20, 25, 50, 75 100 mg/ml. These
solutions were tested individually for 5 minutes and one solution of etodolac and one
of ibuprofen were tested for at least 30 minutes to observe whether there were any
changes over extended times. Three readings were collected at 50, 100 and 150
minutes for each concentration and plotted as a function of the concentration, in

moles/L or mg/ml.

Saturated solutions of the model drugs and their butylamine, hexylamine, AMP1 and
AMP?2 salts were prepared by allowing excess solid to dissolve in 20 ml of double
distilled water for 24 hours. The samples were filtered through 0.45 pm 13mm PTFE
syringe filters and the filtrate analysed by HPLC to determine the concentration. The
saturated solutions were serially diluted to produce at least 4 samples for surface

tension measurement.

5.2.3.2 Results and Discussion
The surface tension of aqueous solutions of etodolac and ibuprofen AMP2 are
displayed in figure 5.8.

CMC is usually calculated from a plot of surface tension (y) against log concentration,
the discontinuity on the line is usually termed the critical micelle concentration, i.e.
the concentration at which micelles first form in a solution. The CMC has been
calculated for etodolac and ibuprofen AMP2 as shown in figures 5.9 and 5.10.
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Figure 5.8 Surface tension measurements against concentration of aqueous solutions of
etodolac AMP2 and ibuprofen AMP2. (n=3; mean 1SD).
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Figure 5.9 Surface tension versus log concentration (mg/ml) for aqueous solutions of
ibuprofen AMP2 used to calculate the CMC.
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Figure 5.10 Surface tension versus log concentration (mg/mi) for aqueous solutions of
etodolac AMP2 used to calculate the CMC.

The CMC's are estimated as 7.65 x 102 mM (30 mg/mi) for etodolac and 6.43 x 107
mM (20 mg/ml) for ibuprofen. The CMC is the point when the surface of the liquid is
saturated with molecules and micelles begin to form to allow the attainment of a
minimum free energy state. As the concentration increases after the CMC, micelles
spontaneously form as more surfactant is added and there is no further change in

surface tension over the measured concentration range.

The surface tension measurements for the model drugs and their amine salts are
listed in table 5.4. Some materials show CMC like characteristics and so behave like
classical surfactants having a clear discontinuity on the surface tension against
concentration plot. These materials would be expected to form micelles in solution.

Other materials only depress the surface tension and would be expected to exhibit
continuous association.
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Table 5.4 Summary of the solution properties of etodolac, flurbiprofen, gemfibrozil, ibuprofen
and their butylamine, hexylamine, AMP1 and AMP2 salts. * indicates solution concentration of
100 mg/ml.

Material Concentration of saturated Surface Mode of association
aqueous solution (mM) tension
(mN/m)

Etodotac 7.74 x 107 63.3 Continuous
E butyl 417 x 10™ 63.3 Continuous
E hexyl 1.55 x 10 42.1 Continuous
E AMP1 1.50 x 10” 39.6 Micellar
E AMP2* 2.55x 107 44.3 Micellar
Flurbiprofen 1.23 x 10™ 69.7 Continuous
F butyl 1.58 x 10* 48.6 Continuous
F hexyl 7.20 x 10° 415 Continuous
F AMP1 2.70 x 10* 49.1 Continuous
F AMP2 2.87 x 10™ 49.2 Continuous
Ibuprofen 3.40x 10 53.6 Continuous
| butyl 3.58x 10" 31.7 Micellar

| hexyl 1.95 x 10* 26.8 Continuous
| AMP1 3.39x 10" 32.1 Micellar

| AMP2* 3.21x 10" 32.1 Micellar
Gemfibrozil 8.80 x 107 64.4 Continuous
G butyl 9.29 x 10* 36.6 Micellar
G hexyl 1.14 x 10™ 355 Continuous
G AMP1 2.95x 107 37.8 Micellar
G AMP2 8.45x 10™ 38.0 Micellar

192



[—+—Etodolac —=~ Ibuprofen —— Gemfibrozil |

w
o

Surface tension (mN/m)
[ w B w [=2]
o (=] (=] = ] [=]

-
o

0 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007 0.0008 0.0009
concentration (mM)

Figure 5.11 Surface tension of aqueous solutions of ibuprofen, etodolac and gemfibrozil. (n=3;
mean £SD).
Figure 5.11 illustrates the effect of concentration on surface tension for the parent
drugs. As concentration increases, the surface tension is lowered in a linear fashion.
Ibuprofen causes the greatest depression in the surface tension of water from 71.9 to
53.6 mN/m? at a concentration of 0.07 mg/ml; etodolac is the most soluble salt yet
has a surface tension of 63.3 mN/m? in an aqueous solution of 0.222 mg/ml.
Flurbiprofen aqueous solution has a surface tension of 69.7 mN/m2 at 0.030 mg/mi

(data not shown on graph), which is very close to the surface tension of water 71.9
mN/m?.

NSAID drugs have been recognised as weak surfactants by their ability to lower the
surface tension of water. Agrawal et al. (2004) found that nimesulide lowered the
surface tension of water to a minimum of 61 mN/m? and concluded that solubilisation
may be due to weak ionic interactions in aqueous solution or molecular aggregation.
These molecules were assumed to aggregate by open association because no CMC
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was detected. Al-Saidan (2004) found that enhanced skin permeation was due to the

ionic surfactant action of ibuprofen.

The drug molecules have structures that contain polar carboxylic acid functional
groups and hydrophobic benzene rings. Molecules like these are termed ambiphilic,
as they have both hydrophilic and hydrophobic regions. The polar carboxylic acid
functions interact with water to dissolve and therefore have the ability to alter the
tension of water at the surface, so surface activity is expected of these types of
molecules. They do not behave like typical surfactants because there is no CMC
detected. Alteration of the surface tension is another mechanism that these types of

molecules may use to aid dissolution.

The butylamine and hexylamine aqueous salt solutions of the model drugs all lower
the surface tension of water. The effect of concentration on surface tension is
displayed in figure 5.12 for all the aqueous butylamine salt solutions. The data show
an indication of a CMC from the curves but surface tension does not remain constant
as concentration increases beyond this value like typical surfactants. The addition of
the butylamine counterion lowers the surface tension of water approximately 20 units
more than the drug alone. Ibuprofen butylamine depresses the surface tension of
water to 31.65 mN/m?, which is the lowest surface tension value, and hence it is the
most powerful surface active salt. Ibuprofen butylamine also has the greatest
aqueous solubility of 100 mg/ml; the reason for this may be related to its surface
activity. The data suggests that some of the salts may aggregate in closed
association by producing micelles because there is a well defined curve in surface

tension as concentration increases, for gemfibrozil and ibuprofen butylamine.
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Figure 5.12 Surface tension measurements of a function of concentration for the aqueous
solutions of the butylamine salts of etodolac, flurbiprofen, gemfibrozil and ibuprofen. (n=3;

mean £SD) last point indicates the concentration of a saturated aqueous solution.

The surface tension measurements for the hexylamine salts of the parent drugs are
displayed in figure 5.13. The salts studied all reduce the surface tension of water. As
chain length increases to 6C (hexylamine salts), there is a greater depression in
surface tension and enhancement in surface activity. The reduction in surface tension
as the chain length increases from 4 to 6C and is between 1 and 20 units, with
etodolac salts having the greatest effect on surface tension (table 5.4). The
solubilities of the salts are not increased by a reduction in surface tension as the
hexylamine salts have lower aqueous solubilities than the butylamine salts (section
3.5.3). Therefore a reduction in surface tension does not improve solubility. Closed
association is not likely because surface tension continues to reduce as

concentration increases and there are no visible CMCs.
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Figure 5.13 Surface tension measurements as a function of concentration for the aqueous
solutions of the hexylamine salts of etodolac, flurbiprofen, gemfibrozil and ibuprofen. (n=3;
mean £SD).

The AMP1 salts of etodolac and ibuprofen display surface activity (figure 5.14), with
the depression in surface tension similar to that of the butylamine counterion, about
20 units below the drug itself. The depression in surface tension as concentration
increases is similar for AMP1 and AMP2 salts, although the maximum solubility for
each material varies. The AMP1 and AMP2 salts of etodolac and ibuprofen display a
clear inflection point on the curve and are expected to form micelles as the

concentration increases above the CMC.
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Figure 5.14 Surface tension measurements as a function of concentration for an aqueous
solution of the AMP1 salts of etodolac and ibuprofen. (n=3; mean; £SD).

The saturated agueous solubility for ibuprofen AMP1 (135.00 mg/ml) is greater than
etodolac AMP1 (74.65 mg/ml); this may be because it is more surface active as it
depresses the tension of water the most. The CMC has been calculated to be
approximately 2.92 x 102 mM (11 mg/ml) for etodolac AMP1 at a surface tension of
41.95 mN/m. The CMC for ibuprofen AMP1 has been calculated as approximately
2.43 x 102 mM (7 mg/ml) at a surface tension of 32.06 mN/m.

The AMP1 and AMP2 salts of flurbiprofen show the least surface activity of all the
AMP salts. Results are similar for both forms therefore the increased solubility of the
AMP2 flurbiprofen salt is not due to an altered surface tension (figure 5.15). A CMC
was not calculated for the flurbiprofen AMP1 and AMP2 data sets as the inflection

point is not well defined.
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Figure 5.15 Surface tension measurements for the aqueous solution of gemfibrozil AMP1,
AMP2 and flurbiprofen AMP1, AMP2. (n=3; £SD).

The CMC for gemfibrozil AMP2 was calculated as approximately 6.33 x 10° mM
(2.14 mg/ml), figure 5.15. A CMC was not calculated for gemfibrozil AMP1 as there

was not a clear inflection point. Micellisation is likely to occur with gemfibrozil AMP2
salts.

5.2.3.3 Conclusions

All the carboxylic acid drugs studied are surface-active because they lower the
surface tension of water. The addition of an amine counterion to form salts, results in
a more surface-active material that has an improved aqueous solubility than the drug
itself, see section 3.3. As chain length of the counterion increases, surface activity
increases but solubility is not clearly related to surface-activity, for these materials
open association is likely as a clearly defined CMC was not observed. The AMP
counterions have a similar effect on the surface tension as the butylamine counterion,

however the AMP counterions have defined CMCs and are more likely to aggregate
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in a closed association, i.e. micelles are more likely to form. The presence of the
hydroxyl groups aids micellar association and aggregation. The elevated increase in
solubility of ibuprofen and etodolac AMP2 salts is not just due to increased surface

activity as these solutions are no more surface active than the AMP1 salts.

5.2.4 Photon Correlation Spectroscopy (PCS)

PCS was performed using a Brookhaven ZetaPlus 90Plus which measures particle
size by light scattering. Dynamic Light Scattering (also called PCS) provides a fast,
simple method for submicron particle sizing. Random intensity fluctuations in
scattered laser light arising from the Brownian motion of colloidal particles are
analysed to give either a simple mean size and polydispersity (distribution width) or
complete distribution data even for multimodal distributions. The 90Plus is suitable for
routine measurements of particle size distributions from about 2 nm to 5 microns in
virtually any liquid. It is a self-contained unit which incorporates a powerful 30mwW

diode laser and dual angle - 15° and 90° - detection system.

5.2.4.1 Method

Experiment 1: Etodolac and ibuprofen AMP2

Aqueous solutions of 1, 2.5, 5, 7.5, 10, 25, 50, 75 and 100 mg/ml of etodolac AMP2
and ibuprofen AMP2 were used as detailed in section 5.2.3.

Experiment 2: Amine salt solutions

The amine salts of etodolac, gemfibrozil, flurbiprofen and gemfibrozil were used,
which included the counterions butylamine, hexylamine, AMP1 and AMP2. Saturated
aqueous solutions of each salt were prepared as in section 5.2.3 and subsequent
diluted samples were used directly after surface-tension measurements. Each
sample was filtered through 0.2 pm PTFE syringe filters prior to analysis and
approximately 2 ml was placed in a clear sided 10 mm, 4.5 ml BI-SCP cuvette
supplied by Brookhaven. The instrument was set to collect data for one minute and to
repeat five times; after each minute the average particle size was calculated. The
dust filter was turned on.
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5.2.4.2 Results and Discussion

Experiment 1: Etodolac and ibuprofen AMP2

The results from particle sizing by photon correlation spectroscopy are shown in
figure 5.16.
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Figure 5.16 Plot of micelle effective diameter (nm) against concentration (mg/ml) for etodolac
and ibuprofen AMP2 using photon correlation spectroscopy.

The results from 1 mg/ml solutions of etodolac and ibuprofen AMP2 show that there
were no detected micelles or particles present; this was considered the control. Both
etodolac and ibuprofen AMP2 show evidence of micelle formation above 5 mg/ml
where the particle size was averaged to be 202.6 and 165.6 nm, respectively. As the
concentration rises above 5 mg/ml there is a rise in particle size which is consistent
with aggregation and confirms a closed association. There are very large aggregates
being detected above 80 mg/ml for ibuprofen AMP2. These aggregates are around
700 nm which is unusual for a single micelle therefore the micelles could be

aggregating to produce larger particles.
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PCS evidence of micelle formation at 5 mg/ml is not consistent with the CMC values
that were calculated for etodolac AMP2 (30 mg/ml) and ibuprofen AMP2 (20 mg/ml).
The PCS results suggest that micelle formation occurs at a concentration far below
the CMC, this is known as pre-micellar aggregation. These aggregates subsequently
grow with further increase of drug concentration by the stepwise addition of
monomers (Atwood et al., 1990a, Attwood et al., 1990b). These salts are surface-
active and micelle-forming well below the CMC value. There is evidence to suggest
that the CMC is the saturation point where there is no further increase in micelle size
and aggregation follows this point characterised by a plateau in the size
measurements by PCS of etodolac AMP2. Ibuprofen is characterised by an increase
in particle size up to the CMC (20 mg/ml) where micelle size is constant (plateau
region) until aggregation occurs above 80 mg/ml where there is a steep rise in
particle size.

The mean micelle size of etodolac AMP2 increases from 202.6 to 374.4 nm from 5-
100 mg/ml and follows a consistent growth pattern characterised by a gentle sloping
line. Ibuprofen AMP2 has micelles that grow from 165.6 to 721.5 nm, a larger growth
than etodolac AMP2. Above 80 mg/ml there is a sudden growth in the micelles which
would indicate that the micelles had agglomerated to form much larger particles.
There is good reproducibility in the results indicating that spherical micelles were
detected. If the results had a large standard deviation, cylindrical shaped aggregates
may be expected.

Experiment 2: Amine salt solutions

A selection of amine salts was investigated to determine if there was evidence of
micelle formation in aqueous solution becaus