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ABSTRACT

Dissolution of drugs is a prerequisite for oral absorption and bioavailability. Drugs in
the gastrointestinal tract are exposed to a medium of partially digested food, comprising
mixtures of fat, protein and carbohydrate in addition to bile components. Despite this,
the compendial media are still simple hydrochloric acid solutions or phosphate buffers.
In this investigation, biorelevant dissolution media were developed to examine the

impact of fat, protein, carbohydrate, amino acids and bile components on the dissolution

behaviours of two azole anti-fungal drugs (itraconazole and ketoconazole). The drugs

are Biopharmaceutics Classification System Class II (poorly soluble with good
permeability) and so they are more likely to exhibit dissolution rate-limited absorption.

Furthermore, their bioavailability is affected by food ingestion.

The intrinsic dissolution rates of the drugs were evaluated using the stationary disk
method in USP Apparatus II. Powders of the drugs were compressed to form disks with

a constant surface area. No evidence of polymorphic change was observed due to drug

compaction.

The dissolution and solubility of the drugs were assessed in simulated gastric fluid

(SGF) containing milk with different fat contents, SGF containing albumin (hen egg
white), gelatin (bovine skin), casein (bovine milk), gluten (wheat), carbohydrates

(glucose, lactose and starch) and amino acids (glycine, alanine, leucin, lysine and
aspartic acid) to mimic gastric fluid at fed state. Most of the dictary components
enhanced the solubility compared to SGF but to differing extents. The greatest increase

in dissolution of itraconazole was observed with the addition of milk or albumin. The
greatest enhancement of ketoconazole dissolution was observed in media containing
neutral amino acids or milk. The rate and extent of the increase in solubility and
dissolution varied between the two drugs and this was attributed to differences in their
physical and chemical structure, in particular their lipophilicity. The formation of
complexes with food additives likely accounted for the solubilising effect and in milk-

containing media the effect was attributed to the whole complex structure of milk.

The dissolution and solubility were assessed in simulated gastric fluid at fasted state
(FaSSGF) using formulations based on natural (bile salts and phospholipids) and

synthetic surfactants. The inclusion of surfactants increased the dissolution however



variable dissolution profiles in the media were obtained. This was presumably due to
different solubilising mechanisms of the surfactant-containing media which rendered

the formulations of synthetic surfactants as inappropriate alternative for FaSSGF which

contained natural surfactants.

The dissolution was also assessed in the presence of key endogenous surfactants in
conditions representing fasted and fed state simulated intestinal fluids (FaSSIF and
FeSSIF). The dissolution in the fed simulated medium was higher than the fasting
simulated medium due to the greater amount of bile components and the lower pH of
the fed simulating medium. The dissolution profiles of the drugs in FaSSIF and FeSSIF
were compared to the profiles acquired in simplified media containing synthetic
surfactants, sodium dodecyl sulphate and hexadecyltrimethyl ammonium bromide.
These simplified media did not provide identical dissolution to that in FaSSIF and
FeSSIF, however, approximate simulation was achieved which may be of value for

replacing FaSSIF and FeSSIF for the quality control tests of the dosage forms.

The physical properties of the media were assessed in terms of viscosity and surface
tension. The viscosity of the media did not show important variations, apart from media
containing milk, albumin, and gelatin. Surface tension was an important determinate of
dissolution as media with high surface activity exhibited high solubilising capacity of

the drugs in addition to enhancing the wettability of drugs.

Thus, the results confirm the importance of using biorelevant media in dissolution
studies and highlight the potential effect of the ingested meals on drug dissolution and

subsequent bioavailability.
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Chapter 1: Introduction

1.1 Introduction to dissolution and solubility

Dissolution is a prerequisite for the oral absorption of solid dosage forms because for a

drug to be absorbed it must dissolve first. Dissolution can be the rate-limiting step for

the absorption of poorly soluble drugs administered orally, consequently limiting their

bioavailability and systemic efficacy (Kramer et al., 2005).

The dissolution test has proved to be a useful tool for many purposes and at many stages

of formulation development. It is used in quality control, batch to batch similarity and
during drug development to help in choosing appropriate excipients and formulations.
The test allows prediction of drug behaviour and determination of bio-equivalency

in vivo which makes it a potential tool for in vitro-in vivo correlation (Figure 1.1).

To Select Candidate
-«+—» Formulation
Quality Control
/ Procedures \ / \
Compliance with Guidance To Simulate Food Effects

Set up in Post-Approval Changes
and International Conference on

/ on Bioavalibility

~. To Support Waivers for
Bioequivalence Requirements-~
"Biowaivers"

~a

To Identify Critical Surrogate for
Manufacturing Variables * In Vivo Study
\ In Vitro-In Vivo /

Correlation (IVIVC)

Figure 1.1 The applications of dissolution testing, from Jamzad and Fassihi (2006)

When a solid dosage form is immersed in dissolution media or in the fluids of the
gastrointestinal (GI) tract, there are three possible steps for drug dissolution (Figure
1.2):

1) disintegration to granules or aggregates

2) deaggregation into fine particles

3) dissolution.

These three steps can also occur simultaneously or the dissolution process can start

directly from the intact solid or granules without going through all stages (Martin,
1993c¢).
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Figure 1.2 Steps for drug dissolution from a solid dosage, from Wagner (1971)

Dissolution can be explained as the process where solid particles leave the solid phase
and become emerged in the solvent phase. It was defined by Viness and Reza (1999) as
“Dissolution of the drug substance is a multi-step process involving heterogeneous
reactions/interactions between the phases of the solute-solute and solvent-solvent
phases and at the solute—solvent interface”. Dissolution was expressed as a quantitative
term called dissolution rate which was defined as “the amount of drug substances that
goes into solution per unit time under standardized conditions of liquid/solid interface,

temperature and solvent composition” (Abdou, 1989b).

A saturated solution is the state where a maximum amount of solute is dissolved in
solvent and so equilibrium is maintained between the solution and the solid phases.
Based on that, solubility was described by Martin (1993c) as the concentration of the

dissolved substance in its saturated solution at a certain temperature.

There is another term for solubility called the intrinsic solubility which was defined as
the solubility of an un-dissociated species, i.e. the solubility of a compound in its free

form as an acid or a base (Alsenz and Kansy, 2007).

To distinguish between solubility and dissolution, dissolution is a kinetic parameter
quoted as the amount dissolved per unit time, so it is a dynamic process whereas
solubility is an equilibrium parameter that expresses the maximum amount of the

substance dissolved per volume unit.



1.2 Theory of dissolution mechanisms
There are three prevailing models that describe the dissolution process (Figure 1.3). The

dissolution concept, in terms of theories and historical development were reviewed

thoroughly by Abdou (1989b) and Banakar (1992a).

Film boundary
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a. Diffusion layer model
C

Bulk solution

h Stagnant layer

b. Danckwerts’ model D — Packets of liquid

Bulk solution

- Surface of Particle

c. Interfacial layer model | % J' Film boundary
- P
q_‘ .
o .
: §‘ """ Bulk solution
h Stagnant layer

Figure 1.3 Schematic diagram illustrating different mechanisms of the dissolution process. C refers

to the concentration in the bulk solution and C; to the saturation solubility, reproduced from
Higuchi, (1967)



1.2.1 Diffusion layer model (film theory)

This diffusion layer model is probably the most commonly used. It considers the
process of dissolution to be composed of two consecutive steps; the first step, which
occurs quickly, 1s the formation of a layer of solution around the solid which becomes a
stagnant film adjacent to the solid surface. During the next step, the particles move from

the surrounding layer to the bulk solution.

One of the first equations modelling dissolution was Fick’s law for diffusion under
constant conditions (Topp, 2000). Dissolution was expressed by the term “diffusion
current” (J) which was defined as the amount of drug that passes vertically per unit of

time per unit of area (Eq. (1.1)). D is the diffusion coefficient and dc/0x is the

concentration gradient in the x direction which 1s considered constant.

J=-p&% Eq. (1.1)

ox

Since the first equation of Fick’s law assumed steady state, whereas the concentration of
the drug will change with time, another equation (Eq. (1.2)) was derived and called

Fick’s second law, which express the dissolution rate oc/ ot as:

2
_g% — D(é—-f-) Eq. (1.2)

Ox?

Noyes and Whitney (1897) studied the kinetics of the dissolution of benzoic acid and
lead chloride using rotating cylinders of the substances. By using slightly soluble
compounds placed around cylinders, a constant surface area was maintained throughout
the course of the experiment. It was noticed that the rate of the dissolution was
proportional to the difference between the saturation solubility at the solid-liquid

interface and the instant concentration in the bulk medium (Eq. (1.3)).

dc
—— = k CS"" CI Eq. 1.3
. ( ) q. (1.3)

Where dc/dt is the change in concentration as a function of time, C; is the saturation

solubility, C, is the concentration at time ¢ and k is the dissolution rate constant. This

equation is expressed schematically in Figure 1.4.
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Figure 1.4 Schematic diagram for the dissolution process from a solid particle representing the
Noyes-Whitney equation

Bruner and Tolloczko (1900) and Nernst (1904) incorporated a diffusion layer
perception by proposing a thin film formed around the particles with thickness # and
considered that the diffusion process took place from that layer to the bulk solvent.
Based on Fick's second law, the Nernst—Brunner equation was developed (Eq. (1.4)).
D is the diffusion coefficient of the substance, S is the surface area of the particles, A 1s

the thickness of the diffusion layer and V' the volume of the dissolution medium.

dc _ DS
dt  Vh

(C:—-CY) Eq. (1.4)

Instead of expressing the dissolution rate as dc/dt, Hixson and Crowell (1931) expressed
the dissolution rate in terms of a change in the weight of dissolved particles with time.
Thus, Hixson and Crowell’s cubic root model was proposed which relates time to the
cube root of the weight. In a special case, when C, was too small and considered

constant and consequently (C;- C,) was constant, the equation took the simple form (Eq.

(1.5)) assuming that the shape of the particles 1s not changing during the dissolution.
wo'? —w'? = kit Eq. (1.5)

Where wy is the initial weight of solid particles, w is the weight of the undissolved

particles at time ¢ and £; is the cube-root dissolution constant.

1.2.2 Penetration or surface renewal theory (Danckwerts’ Model)

Danckwerts (1951) suggested a new model for dissolution based on the hypothesis that
the surface is continuously being replaced and assumed that the agitated solvent is

composed of packets that are continuously exposed to solid particles. These packets

absorb the solute molecules and carry them into the solution; thus these solvent packets



are constantly renewed. This model proposes that the equilibrium occurs at the solid-
solution interface. The concentration of the solute on the interface, Cy, is less than the

saturation solubility due to persistent contact with the fresh solvent that has a

concentration far less than C,4. Therefore, this theory does not support the existence of a
stagnant layer that has a concentration C;. The rate-limiting step is the diffusion of the
solvent from the bulk through to the solid phase. The mathematical equation of
Danckwerts’ theory is expressed by Eq. (1.6) where dw/dt is the change of the weight ot

the dissolved particles with time, ¥ is the interfacial tension and C;is the concentration

of the solute in the bulk medium.

M S(YDY(Ci-C (Eq. 1.6

dt

1.2.3 Interfacial barrier model (double barrier mechanism or limited
solvation theory)

This interfacial barrier model is based on the assumption that the reaction occurs at the
interfacial barrier between a solid surface and a liquid. This barrier has an intermediate
concentration of the solute, which is less than the saturation concentration. Different
faces of crystals may have different interfacial barriers and thus different dissolution
profiles. Higuchi (1961) considered the rate limiting step as the diffusion of solute
molecules from the solid interface, which demands high energy, rather than diffusion

through the static film.

These three models were also employed in combination to explain the dissolution
process. One of the new theories considered the dissolution as a heterogeneous mass
transfer process composed of three steps “ (i) removal of the solute from the solid phase,
(1) accommodating the solute in the liquid phase, and (iii) diffusive and/or convective

transport of the solute away from the solid/liquid interface into the bulk phase” (Kramer
et al., 20095).

1.3 The process of dissolution: energy changes

In order for the dissolution process to occur, the interaction between the solute-solvent
should be stronger than the interaction between solute-solute and solvent-solvent
(Bnittain, 2007). The molecule must be able to move from an environment where it is

surrounded by identical molecules to the solution where it is surrounded by non-

identical molecules.



For the dissolution process to take place spontaneously the change in the free energy of

the system at constant pressure should be negative. In this case, the attraction forces
between solute-solvent should exceed the forces of attraction of solid-solid and solvent-
solvent. Thereby, the solvation energy released during the dissolution process must be
greater than the sum of the crystal lattice free energy and the free energy of cavity

formation in the solvent (Brittain, 1999a). The general thermodynamic equation (Eq.

(1.7)) applies where AG is Gibbs free energy, AH is the change in the enthalpy that

occurs due to the thermodynamic change while absorbing or evolving energy, AS is the

change in entropy which indicates the change in the disorder of the system and T is the

thermodynamic temperature.

AG = AH -TAS Eq. (1.7)

AS is always positive during a dissolution process and this can be explained by the

particles leaving the solid mass as a process that increases the randomness of the

system., Therefore, for AG to be negative, AH must less than TAS (Aulton, 2002).

The changes in AH during the dissolution process is the sum of two enthalpies: 1) the

heat absorbed to separate the molecules of solute against the intermolecular interactions

which is expressed as crystal lattice enthalpy (AH,;) and it is always positive, i1) the heat

absorbed when the solute is immersed in solvent (AH,,;,) which is normally negative
(Eq. (1.8)).

AH = AHa + AHsov Eq. (1.8)

Dissolution overall can be either endothermic or exothermic. In most cases, AH; >
AH,,y so the dissolution process will be endothermic. If the affinity of the solute to the

solvent 1s very high, AH becomes negative and the process will be exothermic (Aulton,
2002).

1.4 Compendial dissolution test
1.4.1 History

Studies carried out in the period of 1950-1970 highlighted the importance of the
dissolution test in evaluating drug performance and bio-equivalency among generic
products. The trigger for these studies was the perceived inconsistency in bioavailability
of 1dentical generic products such as digoxin tablets. Since digoxin is poorly soluble

with a narrow therapeutic index and a narrow absorption window, any slight variation in
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its bioavailability will have a serious impact. Shaw et al. (1973) suggested that
differences in the bioavailability of digoxin could be attributed to different in vitro

dissolution patterns. Accordingly, these findings demanded more extensive dissolution

studies to standardize drug products to achieve bio-equivalency.

The disintegration process is the step prior to dissolution where the dosage form breaks
up into granules or small particles. The disintegration test is an indicator for dosage
form performance but it does not evaluate the drug release. It was introduced as an

official quality control test by the USP Edition 14 in 1950, however, it was noticed that

it was not sufficient to standardize products or give information about drug
bioavailability (Campbell et al., 1957). Consequently, these concerns led to the
introduction of dissolution requirements for tablet and capsule monographs In
pharmacopoeias and the proliferation of dissolution apparatus designs. A detailed

review of the history of pharmaceutical dissolution evolution is described by Kramer et
al. (2005) and Dokoumetzidis and Macheras (2006).

One of the first methods utilized to study the dissolution of dosage forms was the
Beaker method. It was initially developed by Levy and Hayes (1960) where a pellet of
the drug was centred in a beaker containing the dissolution medium and a rotating
motion was applied. The main problem with this system was that the pellets formed a
mound at different positions on the base of beaker and this change in pellet position led
to variable results. Thus, a round bottom flask was utilised and this method was called
the flask-stirrer method. Thereafter rotating and basket methods were developed and

described in most pharmacopoeias.

Of all dissolution apparatuses, Apparatus I (rotating basket) and II (paddle assembly)

are the most widely utilized because they are simple, robust, and are sufficiently

standardized.

It 1s important to note that the Food and Drug Administration (FDA) and the
pharmacopoeias recommended the maintenance of sink conditions throughout the
dissolution test period, which was defined when the concentration of the drug substance
dissolved in the bulk medium (C) was less 1/3 of the saturated concentration (Cs) in that
medium (USP, 2008). A stricter definition considered that sink conditions applied when
the bulk concentration was <10% of the Cs (Aulton, 2002). This could be met when the

dissolving medium was sufficiently diluted, i.e. by using a volume of dissolution

medium that is at least three times greater than that required to form a saturated solution
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of the drug or by using a method that allows constant removal of the solutes from the

medium.

1.5 Intrinsic dissolution rate

The intrinsic dissolution rate (IDR) is the dissolution rate of a pure drug substance under
constant conditions of surface area, temperature, agitation-stirring speed, pH and 1onic
strength of the dissolution medium. Therefore, the IDR is a useful tool to characterise a
drug substance without the interaction of excipients and it also allows screening of new
drug candidates to understand their behaviour in physiological fluids (Abdou, 1989Db).

In addition, it allows the study of the dissolution of excipients and their effect on the

dissolution of the dosage form.

The IDR gives an indication of drug performance and potential bioavailability; if it 1s

' em™ then the dissolution rate is low and probably the rate-limiting

1

less than 0.1mg min’
step to absorption. If is greater than 0.1mg min cm™, drug dissolution is not expected

to be an impediment for absorption (Kaplan, 1974).

1.5.1 Methodology

The general procedure for determining IDR is to compress the pure drug powder to
form a non-disintegrating disk under specific conditions of pressure and die dimensions
without any additive to the drug powder. Thereafter, these disks are transferred to the
dissolution apparatus where only one face of the compressed solid remains exposed to
the dissolution medium. Dissolution then occurs under certain conditions of temperature
and agitation rate. Samples are withdrawn and analyzed to determine drug concentration

and calculate the IDR.

1.5.1.1 Rotating disk methods

The rotating disk method was initially described by Levy and Sahli (1962). In this
method, a flat-faced tablet was mounted in a plexiglass holder which was rotated at
555rev min™ in 200ml of dissolution medium placed in a 500-m! three necked flask.
Drawbacks of this method included high rotating speeds and some drugs producing
fragile disks that could easily break when handled. Thus, the Wood apparatus was
developed (Wood et al., 1965). In this apparatus, the die containing the compressed
pellet was attached to a rotor where one surface was facing the bottom of the beaker
(Figure 1.5). The advantage of this system was the utilization of a compression

assembly to form a compressed tablet that served as a tablet holder within the

9



dissolution apparatus. A further design of the rotating apparatus was developed by
Underwood and Cadwallader (1978), where a disk of the drug was produced and held 1n
a cup attached to a shaft that could rotate. Another type of apparatus that allows
dissolution from a constant surface area was devised by attaching a cup containing drug

pellets into USP basket apparatus where the rotation speed was set at 100rev min™

(Hanson, 1991). Further variations of designs for the determination of IDR were

reviewed by Abdou (1989b).

The USP (2008) considered a modification of the Wood apparatus for determining IDR.
Drug powder was placed in the die cavity and compressed forming a smooth compact

pellet with a predetermined surface area. The die was attached to the holder which was
mounted on the shafts of a stirring device such as the modified USP Apparatus 1I. The
USP (2008) recommended plotting a graph of the cumulative dissolved amount per unit

area, until 10 % of drug is dissolved, versus time and so the slope of the regression line

represents the IDR.
Rotating Shaft " Dissolution Vessel
Die Holder
Die
Drug Pellet

Figure 1.5 Schematic diagram for rotation disk apparatus, from Dyas and Shah (2007)

Recently, a miniaturized rotating disk apparatus was developed (Persson et al., 2008).
This apparatus has the advantage of working on a small scale as it consumes only a

small amount of drug substance, 5mg, compared to a minimum of 100mg required in

the above methods and it only needs a small volume of dissolution medium (15ml). The
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drug powder was compressed directly into a gold-plated magnetic bar holder and then a

continuous flow system was pumped over the disk. However, a problem with this

arrangement was the formation of a reproducible disk surface.

1.5.1.2 Stationary disk methods

Milosovich (1964) devised an apparatus that used stationary pellets in a stirred
dissolution system. Samples were prepared by compressing 300mg of drug powder in a
die using a punch and a hardened steel block. One surface of the disk was covered and

the opposite one was left exposed to dissolution medium. This configuration was

Inserted into a stainless steel beaker where the disk surface was vertical on the beaker
base. Stirring at 300rpm was produced using shafts driven by a motor. Khoury et al.
(1988) used an apparatus which consisted of a holder unit for a tablet die with magnet-
driven stirring. The drug powder was compressed in a die against the plate and then the
die containing the pellet was introduced into the neck of a 200ml 3-necked flask and

mounted via the die holder unit. The last two configurations allowed securing a fixed

position and avoiding misalignment problems.

Viegas (2001) illustrated a stationary system provided by Distek. Inc. that easily fits
into the USP apparatus II. The drug was compressed using a punch and die system and
then the die was immersed in a dissolution vessel where only one face was subjected to

the dissolution medium. The stirring was produced by rotating shafts with the distance

between the bottom of the stirring paddle and the pellet face was specified as 2.54cm
(Viegas, 2001).

The stationary method was recommended by the USP (2007) for cases where the use of

rotating apparatus was not appropriate due to the formation of bubbles. However, the
method was later adopted with the rotating disk in the USP (2008) (Figure 1.6). The

drug substance was compressed using a steel punch, die, and a base plate. Then, the die
was placed at the bottom of the flat bottomed-vessel of the dissolution tester II with one

smooth surface facing upwards.

1.5.1.3 Stationary apparatus versus rotating disk apparatus

Viegas (2001) compared the two apparatus used for determining IDR, namely, the
rotating disk (Wood) and the stationary disk (Distek Inc.), and noticed that different
mechanisms controlled the dissolution operation; a forced shear-like process in the

former and a solvent shear-like process in the latter.
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Figure 1.6 Schematic diagram for stationary disk apparatus, from the USP (2008)

The stationary disk method is a simple system that could fit into the USP Apparatus I,
as 1t only requires the use of flat vessels, whereas a rotating disk needs special
arrangements such as a shaft with a hollow die holder so that the disk can be attached to

it and the surface of the compressed drug will face downward.

Two drawbacks were observed with the rotating apparatus; one due to the
hydrodynamics which were more likely to cause bubbles that cover the surface of the
disk, decrease the active dissolution surface and consequently lead to a low dissolution

rate. The second drawback was due to less temperature control at the beginning of the

experiment caused by the relatively big assembly. As by lowering the shafts heat loss

through the shafts occurred which consequently decreased the temperature by
approximately 2°C. No obvious changes in temperature were observed in the stationary

system since the device was small and was totally immersed in the fluid in the vessel.

1.5.2 Calculations

Intrinsic dissolution rate per unit of surface area, J, (mass flux) was calculated by
integrating the modified equation of Noyes and Whitney. Under sink conditions C is

very small, so it can be neglected and since the surface area S is constant, J was
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expressed by Farraj et al. (1989) by Eq. (1.9) where m is the mass of dissolved drug at

time t.

J=—Cs = —— Eq. (1.9)

By integrating this equation, it was found that plotting of m/S against ¢ yielded J (Eq.
(1.10))

— = Jt Eq. (1.10)

Levich (1962) deduced Eq. (1.11) that can be applied for calculating J from rotating

disk methodology, where v denotes the kinematic viscosity and € the angular velocity
of the disk.

J = 0.62D*"*vVQV}(C, - C) Eq. (1.11)

The mass flux according to the Levich equation included both processes that usually
occur during the dissolution process; convection and diffusion (Wall et al., 1985). Eq.
(1.12) indicated that the dissolution rate from the rotating disk apparatus was

proportional to the square root of the rotating velocity, where a is the proportionality

constant.

— = aQl’? Eq. (1.12)

Colton and Smith (1972) computed the average of dissolution flux from the stationary

disk in rotating fluid where a new term was introduced (¢ ): a dimensionless ratio of the

fluid velocity at some axial distance below the paddle to the maximum paddle tip

velocity. Based on their findings the following relationship for the dissolution flux from
static disk was developed by Mauger et al. (2003) (Eq. (1.13)).

J = 0.771D* 3y 1eQV2412(Cs — C) Eq. (1.13)

1.6 Factors affecting the dissolution of drug

There are various factors that affect the dissolution behaviour of drugs. These are
classified as factors related to; the physicochemical properties of the drug, type of
dissolution device, hydrodynamic conditions, experimental conditions such as

temperature and agitation, factors related to the dosage form and its formulation such as
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the excipients, coatings and the manufacturing procedures. Furthermore, in vivo, the

dissolution process will also be affected by physiological factors.

This section will focus only on the physicochemical and physiological factors that
influence drug dissolution in the upper GI tract. A detailed review is described by

Banakar (1992b) and Horter and Dressman (2001).

1.6.1 Physicochemical factors

The physicochemical parameters affecting the dissolution rate of drugs are discussed
herein through the modified form of Noyes-Whitney equation (Eq. (1.14)).

dn DS m
pDR=S"_2 (c,. ! Ea. (114
o ) % (L9

Where DR is the dissolution rate, m is the mass of the dissolved substance, C; 1s the
saturation solubility, V is the volume of the dissolution media, S is the area of the
dissolving interface, D is the diffusion coefficient of the solute in solvent and 4 is the

thickness of the diffusion layer.

1.6.1.1 Drug solubility

Saturation solubility is a fundamental factor in determining dissolution rate. Under sink
conditions where C; >> C, a linear relationship is expected from a plot of the

dissolution rate versus solubility. Various physicochemical and physiological factors

can affect the solubility:

1.6.1.1.1 Solid phase characteristics

Solids may exist in multiple physical forms such as crystals, amorphous forms, hydrates
and solvates, and even the crystalline form can adopt different crystal structures, known
as polymorphs. Polymorphism is defined as the ability of a substance to exist as two or
more crystalline phases with different arrangements and/or conformations in the crystal

lattice (Grant, 1999). These forms can behave differently when they are in the solid state
which leads to different physicochemical properties such as melting point, chemical
reactivity and density. A difference in the internal energy of the polymorph states can
lead to different lattice energy and consequently different solubility. Critically, this can

change the dissolution pattern and result in a different bioavailability.

In a polymorphic system, the polymorphs with the lowest energies are

thermodynamically more stable while the polymorphs with the highest free energies are
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the metastable forms. Because of their high energy, the solubility of the metatable forms

is higher than the corresponding stable forms and they tend to dissolve faster (Gong et
al., 2007).

Amorphous forms are more disordered and so their entropy and enthalpy are greater
than the crystalline states, resulting in higher free energy and so greater solubility.
Hancock and Parks (2000) predicted that the solubility of amorphous forms was higher
than the most stable crystal form by a range of 16-fold to 1600-fold. Consequently, a

solution of the metastable form had a higher concentration (supersaturated) compared to
a saturated solution of the stable form. However, the less stable forms tend to revert to

the stable form during the solubility experiment as the time required to reach
equilibrium is relatively long which allows nucleation and so the formation of more
stable forms. Therefore, in general, it is difficult to measure the solubility of the
metastable form using the typical equilibrium methods. For instance, carbamazepine
was found to exist in both anhydrate and dihydrate forms, with the former
spontaneously converting to the latter upon contact with water. The dissolution rate of

the anhydrous phase is normally higher than the hydrates but this statement is not

necessarily applicable to solvates (Brittain, 1999a).

Ueda et al. (1984) demonstrated that chlorpropamide has many polymorphs of which

four metastable forms exhibited higher dissolution rates. The dissolution study showed
that the metastable form II of chlorpropamide instantly converted to the stable form
under the dissolution conditions. Manipulation of the dissolution medium may allow
inhibition of the transformation between the polymorphs. For example,
hydroxylpropylmethylcellulose (HPMC) showed an ability to inhibit the conversion of
the anhydride form of carbamazepin into the hydrated form (Tian et al., 2007).

1.6.1.1.2 pKa of the drug and pH of the medium

The pH of the dissolution medium plays a crucial role in the dissolution of ionisable
drug substances because the solubility increases due to the contribution of the charged

species. The charge state of the substance at a particular pH is expressed by its

lonisation constant (Ka).

The solubility-pH profile can be predicted using simple Henderson—Hasselbalch

equations. The relationship between the solubility of acidic compounds versus the pH 1s

llustrated by Eq. (1.15) (Avdeef, 2007). At pH << pKa, a horizontal line is produced as
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log S is approximately equal to the logarithm of the intrinsic solubility (log Sp). When
the pH >> pKa, logarithm of solubility (log S) increases linearly with an increase in pH

of the medium.

log S = log So + log(1077%**## 4 1) Eq. (1.15)

For basic compounds, at pH << pKa the solubility increases with a decrease in pH (Eq.

(1.16)). However, at pH >> pKa a horizontal line between log S and pH reflects the

similarity between log S and log Sp.

log S = logSo + log(IOPK""’” + 1) Eq. (1.16)

Correlating the pH of the gastro-intestinal system with the pKa of a drug can explain
why, when a basic drug is taken after food it is less soluble in the gastric medium which
has a relatively high pH in the fed state. As an example, the bioavailability of the basic
drug, ketoconazole, was reduced in hypochlorhydria (Blum et al., 1991). As a result, a
basic drug delivered from the stomach to the duodenum might precipitate due to the
change in pH. Kostewicz et al. (2004) developed an in vitro system composed of
gastric-intestinal chambers where basic poorly soluble drugs were dissolved in
simulated gastric fluid (SGF). The solution was then pumped into a chamber containing
simulated intestinal fluid (SIF) representing fasted and fed conditions at pH 6.5 and 5,
respectively. Precipitation was monitored in the acceptor. The study showed the

possibility of drug precipitation and supersaturation upon entry to the small intestine at

the fasted state.

The pH of the surrounding layer affects the dissolution of ionisable drugs. Different pH
values were observed in the bulk medium from that recorded on the surface of the
dissolving solid. Moreover, different dissolution profiles were obtained in buffered and
unbuffered systems which indicated that the buffer capacity of the media can affect the
dissolution (Ozturk et al., 1988).

Furthermore, different salts of the same compound can exhibit different dissolution. Li
et al. (2005) found that different salts of haloperidol, the basic drug had different

dissolution and solubility. Haloperidol mesylate had a higher dissolution rate between

PH 2 and 5 than its hydrochloric salt or the free base.
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1.6.1.1.3 Surfactants in dissolution media

Surfactants are amphiphilic molecules composed of a hydrophilic or polar moiety
known as the head and a hydrophobic or nonpolar moiety, usually a lipid or a long-
chain hydrocarbon, known as the tail (Malmsten, 2002). The surfactant head can be
charged (cationic, anionic or dipolar) or non-ionic. In dilute solutions surfactant
molecules are positioned at the interface and at a certain concentration the surfactant
molecules organize, forming micelles. This point is called the critical micellar
concentration (CMC) and at this point the physicochemical characteristics of the system
change suddenly. Surfactants can enhance the dissolution of drugs by lowering the
interfacial tension of the media and forming micelles and at concentrations below the

CMC the surfactant can allow better penetration of the solving liquid to the dosage

form.

The fluid in the GI system has a low surface tension due to the presence of bile salts and
phospholipids, aiding the dissolution and subsequent absorption of drugs with limited
aqueous solubility. Therefore, to achieve better prediction of drug behaviour, adding
various surfactants to the dissolution media has been investigated extensively. One of
the first dissolution studies that utilized surfactant was a comparative study of the
dissolution of two drugs in gastric juice and hydrochloric acid media containing

different amounts of polysorbate 80 (Tween 80) (Finholt and Solvang, 1968).

For example, the USP (2008) recommended the addition of sodium dodecyl sulphate
(SDS) to study the dissolution of carbamazepine tablets (1%, w/v SDS in water) and
danazol capsules (0.75%, w/v SDS in water). However, using synthetic surfactants
could be problematic as they might interact with the drugs forming insoluble salts (Chen
et al.,, 2003). SDS is the most frequently used surfactant due to its good solubilising
capacity, low cost and ease of use. However, drawbacks were observed with its use as it

can hydrolyze in solutions with a pH value lower than 4. Furthermore, it may interact

with gelatin which makes it inapplicable for use with gelatin capsules (Zhao et al.,
2004).

In addition to synthetic surfactants, the effect of natural surfactants was investigated by
utilizing bile salts such as sodium taurocholic with or without phospholipids. These

systems also influenced the dissolution by forming mixed micellar systems (Bakatselou

et al., 1991; Mithani et al., 1996)
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1.6.1.1.4 Complexation

The complexation of drugs with co-solvent materials leads to an increase in drug
dissolution. The mechanism of forming complexes is due to intermolecular interactions
such as dipolar and ionic bonds, London dispersion, n-bonding and hydrophobic
Interactions. For example, polyvinylpyrrolidone (PVP) was utilized as a complexing
agent and it enhanced the solubility and dissolution of a variety of drugs. Different
theories have been suggested to explain this phenomenon, for example, O'Driscoll and
Corrigan (1982) attributed the enhancement in dissolution of chlorothiazide to a soluble
complex formed with PVP. 1-methyl 2-pyrrolidone (NMP) was used as a solubilizing

agent for itraconazole as it formed a complex with the aromatic ring and halogen groups

of the drug. An aqueous solution of 8ug ml”of itraconazole was prepared from the

poorly soluble drug (<0.1ng ml'l) by adding NMP. Soluble vitamins and amino acids

also increased the solubility of poorly soluble nucleosides and their derivatives such as

adenine, guanosine and acyclovir through complex formation (Chen et al., 1994).

Nicotinamide and caffeine have been demonstrated to solubilize a variety of drugs by
complexation through © donor—x accepter of the aromatic rings and moreover through
hydrotropic effects. Lim and Go (2000) found that both agents increased the solubility

of the aromatic anti-malarial agent halofantrine and caffeine did this to a greater extent.

This was explained by the degree of aromaticity that affects the solubilizing capacity;

catfeine has two aromatic rings while the nicotinamide has only one ring.

Cyclodextrins (CD), as cyclic oligosaccharides, can form non-covalent dynamic
inclusion complexes by accommodating drug molecules in their core cavities, resulting
In large increases in solubility. Chemical modification of the CD structure, such as 8-
CD derivatives, resulted in an even greater solubilization capability (Challa et al., 2005).
Alkylated cyclodextrins such as dimethyl-B-CD were the most efficient in solubilizing

itraconazole compared to other types of cyclodextrins (Brewster et al., 2007).
Cyclodextrin’s solubilisation properties have been exploited in drug formulations; for

example 3-hydroxypropyl-CD was used in Sporanox™ (itraconazole) oral and

parenteral solution (Challa et al., 2005).

Complexation with co-ingested food has a significant effect on drug dissolution in vive.

For instance, milk was found to increase the dissolution of drugs through drug binding

to milk components (Macheras et al., 1990).
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1.6.1.2 Surface area

1.6.1.2.1 Particle size

The dissolution rate is proportional to the surface area of the dissolving solid and since
the surface area increases with decreasing particle size then the dissolution 1s
proportional to 1/particle size. Consequently, the smaller the particle, the higher the

surface area exposed to the dissolution medium (Aulton, 2002).

This was further evidenced by micronizing particles which led to an obvious increase in
drug dissolution and bioavailability. For example, metronidazole dissolution increased

as a result of reducing the size of drug particles (Lauwo, 1985).

Dispersibility of solids in the dissolving medium affects the active surface area because
some solid powders of hydrophobic drugs tend to form aggregates during the
dissolution process. For example, Finholt and Solvang (1968) revealed that although
reducing the size of solid particles usually increases the dissolution rate, it did not in the
case of phenacetin in 0.1N HCI. This was attributed to the poor wetting properties of the
medium. By using diluted human gastric juice, which had lower surface tension, the rate
of dissolution increased with a decrease in particle size. The porosity of solids also
affects dissolution as more open porous particles will have a greater effective surface
area exposed to the dissolving medium. Aulton (2002) stated that large pores permit

fluid to penetrate and allow the diffusion of the solutes to the bulk solution.

By utilizing IDR methodology, which provides a constant surface area, the effect of
variability resulting from the size of the particles, the ongoing reduction in particle size

and porosity effects will be minimised.

1.6.1.2.2 Wettability

The wettability of drug particles by a liquid can be estimated by measuring the contact

angle which is defined as the angle between a droplet of the liquid and the horizontal
surface over which it spreads (Figure 1.7). When the contact angle is 0°, ideally, the

drug is completely wetted with the liquid and if the angle is approaching 180° then the

wetting is negligible.
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Solid

Figure 1.7 Contact angle between a drop of liquid and a solid surface

T'he contact angle, 0, is obtained from a balance of interfacial energy between three
intersections of solid, liquid and gas and is expressed by Young’s equation (Eq. (1.17)).
where 7ys.,yuvand vysvare the solid-liquid, liquid-vapour and solid-vapour interfacial
energies, respectively.

SR
cosf - | oI Eq. (1.17)
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Thus, surfactants enhance the wettability by inducing changes in the surface energy to

replace solid-vapour interfaces with solid-liquid interfaces.

Bile salts, which are believed to exist in the stomach due to reflux, play an important
role in wetting poorly soluble drugs. Several formulations have been suggested to
simulate the gastric fluid using synthetic surfactants instead of bile salts, such as Triton
X-100 (Galia et al., 1999). This nonionic surfactant improved the dissolution of several

dosage forms of albendazole and this effect was attributed to an enhanced wettability of

the drug.

Luner and VanDer Kamp (2001b) assessed the effect of changes to the gastro-intestinal
environment on the wettability of a model surface of poly (methyl methacrylate)
(PMMA). This surface was chosen as representative of a polar low energy surface that
might behave like a poorly soluble drug. The fluids were formulated to be
physiologically-relevant to the gastric region in the fed and fasting conditions. It was
found that adding lecithin (0.025mM) to taurodeoxycholate solution (0.1mM) decreased
the surface tension from 58mN m™ to 45mN m™. However, this decrease in surface

tension was not reflected in the wettability, as the contact angle for taurodeoxycholate
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solution (0.1mM) measured 58° and with lecithin added (0.025mM) it was 64°. Fed
state simulated gastric fluid (FeSSGF), which is richer in bile and phospholipids, had a

lower surface tension (26mN m™) and induced better wettability compared to the fasting
fluids.

Luner and VanDer Kamp (2001a) also assessed the wettability of fluids that simulate
the intestinal fluids. The fluids were solutions or dispersions of bile salts and lipids. It
was reported that wetting was affected by the type and concentration of lipid in the
micellar phase solutions. For example, adding SmM monoolein to a micellar solution of
10mM of taurodeoxycholate in simulated intestinal fluid (SIF) resulted in a 21°

decrease in wettability, whilst upon the addition of SmM of lecithin to the same solution

the contact angle increased by 7°. A significant difference in the wetting properties was

observed also between fluids representing fed and fasting fluids.

1.6.1.3 Factors affecting diffusivity

The solubility of a drug depends on temperature; therefore it is very important to keep
the temperature constant throughout the dissolution process. Temperature is usually
maintained at 37 £ 0.5°C for oral dosage forms. The diffusion of a solute molecule also
depends on the temperature of the medium. This relationship is expressed by the Stock-
Einstein equation (Eq. (1.18)) where D is the diffusivity, T is the temperature, 7 1s the

viscosity, r is the radius of the drug molecule and 43 is the Boltzmann constant.

D = kT
6nr

Eq.(1.18)

It can be deduced from the Stock-Einstein equation for small particles that viscosity is
inversely proportional to D and consequently to the dissolution rate. This phenomenon
1s more obvious when the dissolution of the drug is via a diffusion controlled process.
The effect of viscosity on the dissolution rate is believed to be through increasing the

thickness of the boundary layer (Aulton, 2002) and decreasing the penetration rate of
the dissolving fluid into the particles which reduces the wetting (Parojcic et al., 2008).

The influence of viscosity on dissolution was investigated by Reppas et al. (1998) who
studied the effect of elevating the viscosity of dissolution media on the behaviour of
drugs. For example, when guar (2%) was added to normal saline the dissolution rate
constant decreased by 2- to 7-fold. Parojcic et al. (2008) used HPMC K4M (0.5-1%) as

a viscosity enhancing agent and studied the dissolution of paracetamol tablets, where it
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was found that increasing the viscosity greatly delayed and prolonged the dissolution

process.

1.6.1.4 Volume of dissolution media

The volume of dissolution medium is supposed to be sufficient to maintain sink
conditions throughout the test. This requires the volume to be at least three times more
than the saturation volume (USP, 2008). Keeping sink conditions for very poorly
soluble drugs is difficult, requiring a large volume of liquid. Therefore, different
approaches were developed, such as continuous flow-through cell apparatus or the

addition of surfactants to the medium (Abdou, 1989a).

1.6.1.5 Boundary layer thickness

The dissolution rate is inversely proportional to the thickness of the boundary layer 4
around the dissolving particles, which depends on the hydrodynamic conditions
(Levich, 1962). Factors affecting h are degree of agitation, including stirring speed,
position and shape of stirrer, shape and dimension of dissolution vessels, the volume

and viscosity of the dissolution medium (Aulton, 2002).

1.6.2 Physiological factors

The physiological conditions of the gastro-intestinal system can have a vital effect on
the dissolution of drugs. Consequently, these conditions were considered by
investigators for predicting the dissolution kinetics of drugs in vivo and developing

physiologically-relevant dissolution media (Mullertz, 2007).

1.6.2.1 Surface tension of the luminal fluids

The surface tension of GI fluids is low and it varies within the different GI regions and

according to fed state. The surface tension of fasting gastric aspirate was reported as
35-45mN m™ (Finholt and Solvang, 1968; Efentakis and Dressman, 1998). Kalantzi et
al. (2006a) measured the surface tension of the liquid in fasted stomach as
41.9-45mN m™ and in the fed state, the values dropped to 30-31mN m™'. The reason for
this low surface tension is still a controversial issue. It has been attributed to the
duodenal reflux of the bile salts to the gastric medium although some subjects showed a
very low level of bile salt (0-lmM) in their gastric fluid (Efentakis and Dressman,
1998). Therefore, Kalantzi et al. (2006a) suggested that other gastric components such
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as pepsin may affect the surface tension. A 0.1mg ml" pepsin solution in SGF has low

surface tension (57mN m™) (Vertzoni et al., 2005).

In the small intestine, the surface tension of fasting duodenal fluid was reported as being
32.3mN m’, whereas after having a meal the value dropped to 28.1-28.8mN m’’
(Kalantzi et al., 2006a). This lower surface tension was attributed to the bile
components. The endogenous surfactants that exist in the small intestinal fluids are bile
acids, bile salts, phospholipids and cholesterol which are secreted by the bile, and fatty
acids and monoglycerides produced from lipid digestion. The average bile salt
concentration in intestinal fluids in fasted state was reported as being 4 to 6mM, while
in the fed state the concentration is two to four times higher (Rautureau et al., 1981).
The ratio between bile salts and phospholipid in the fasted conditions is between 2:1 and
10:1 and in the fed conditions it varies from 2:1 to 5:1 depending on the phospholipid
level in the food (Persson et al., 2005; Persson et al., 2006).

Both bile salts and lecithin play an important role in digesting food and solubilizing
poorly soluble drugs. Bile may increase the dissolution of poorly soluble drugs by
enhancing the wettability of the drug and/or by increasing the solubility via micellar
solubilisation (Charman et al., 1997). Wetting usually occurs when the concentration of
the bile salts is below the CMC and at higher concentrations; the effect of the micelles
will be predominant. For example, hydrocortisone dissolution was studied in sodium
taurocholate (NaTC) solution or a mixture of 4:1 NaTC with lecithin (Naylor et al.,
1993). The bile mixture formed a mixed micellar system which increased the solubility
of hydrocortisone 2 times compared to the solubility in NaTC alone. Mixing NaTC with
lecithin reduced the CMC from 4.7 to 0.25mM (25°C) which indicated that the mixed
micelles had a more effective solubilisation capacity. Consequently, even in the fasted
state micelles are expected to be formed and so both wetting and solubilisation may
atfect the dissolution of poorly soluble drugs (Pedersen et al., 2000a). Furthermore,
during lipid digestion lipolytic products, such as fatty acids and monoglycerides are
produced. These compounds interact with the bile salts and form mixed micelles that

solubilise lipophilic drugs (Christensen et al., 2004).

1.6.2.2 pH profile of the gastrointestinal tract

The pH of the gastric fluid in fasting state is highly variable, pH values were measured
over a range from 1 to 7 (Kalantzi et al.,, 2006a) exhibiting a median value of 1.7

(Dressman et al., 1990). Efentakis and Dressman (1998) found that these values are
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usually in the range of pH 1 to 2. Hydrochloric acid output in a healthy human at fasted
state is in the range of 0-11mEq h™ whereas following ingestion of a meal this output is
elevated to 10-63mEq h™ (Barrett, 2006a). Despite this, the gastric pH rises to a value
ranging from 3 to 7 due to the buffering capacity and diluting effect of food and this
increase depends on the type of the meal. For example, thirty minutes after having a
meal of Ensure plus™ the average pH of the aspirated gastric fluid was 6.4 (Kalantzi et
al., 2006a). The time needed to restore the fasting pH of the stomach depended on the

ingested meal. Thus, this shows the importance of gastric residence at fasted state for
weak basic drugs as they are expected to be primarily dissolved in the stomach. For
example, cimetidine, a H2-receptor blocker, reduced the amount of ketoconazole

absorbed by about 60% by elevating the gastric pH (Van Der Meer et al., 1980). In

general, the gastric medium contributes little to the dissolution of acidic drugs.

The intestinal pH is normally within the range of 4.9 to 8, but there is a pH gradient in
the intestinal regions. This higher pH compared to the gastric fluid is due to
neutralization of the received gastric fluid by carbonate ions that are secreted by the
pancreas (Barrett, 2006a). The median duodenum pH at the fast state measured 6.2 and

120min following food ingestion the pH had dropped to 5.2 (Kalantzi et al., 2006a).

Buffer capacity of the dissolving medium mainly affects the pH of the boundary layer
adjacent to the drug particle surface and consequently the C; of the ionisable drug. The

dominant buffer species in human body fluids, including the gastrointestinal fluids, are
bicarbonates (Boni et al., 2007).

1.6.2.3 Viscosity of the luminal fluid

The viscosity of the luminal fluids can influence the dissolution by affecting the

diffusivity of the dissolving drug. The viscosity of the luminal contents can be altered
by administering food that contains soluble polymers or water soluble fibres such as
guar gum, that usually work as regulators for bowel movement, or by giving a

suspension of a dosage form that contains thickeners (Reppas et al., 1998).

1.6.2.4 Hydrodynamic patterns

The motility of the GIT affects the dissolution of drugs, mainly by affecting boundary
layer thickness. Hence a brief introduction is provided herein outlining the motility in
the proximal GIT. Between meals, the motility undergoes a cyclic motor pattern, known

as the migrating motor complex (MMC). Phase I is characterized as quiescent (not
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active), it lasts about 40min. Then, activity recommences by a gradual increase in
contractions (phase II), which reaches a peak of intense contractions (phase III) that
lasts only 10min. Phase III allows clearing of the remaining gastric contents to the
intestine, and thereafter the initial conditions of phase I quiescence is returned. This
whole cycle takes from 90 to 120min. After having a meal, motility events switch to the
fed patterns of intermittent phasic contractions in the small intestine and the distal

stomach accompanied by a tonic relaxation in the proximal stomach (Barrett, 2006Db).

The absorption of a dosage form is affected by the motor pattern and meal ingestion. By
analyzing the MMC stages, the first phase allows drug to dissolve since it is the longest,

however if fluid is stagnant an increase in the boundary layer (4) occurs. In contrast,
contractions at phase III reduce /# but with a very short resident time which does not
allow significant drug dissolution, and at phase II dissolution is expected to be

intermediate (Horter and Dressman, 2001).

1.6.2.5 Gastric emptying time

Most drugs are not absorbed from the stomach, which serves as a reservoir, but from the
Intestine whose anatomical structure and mucosa means it serves as the main site for
absorption. Consequently, delayed gastric emptying will delay the absorption of drugs
that are absorbed mainly in the small intestine. However, for drugs which are poorly
soluble in the gastric environment, longer residence in the stomach might increase

bioavailability by dissolving more before passing to the absorption site in the intestinal

region.

The time needed for gastric emptying is highly variable and can take from a few
minutes up to 3h, depending on the dietary conditions including the type, volume of the
meal and the conformation of the dosage form. Gastric emptying is usually faster at the
fasting state than at the fed state. The size of the solid dosage particles affects their
emptying time whereby undissolved particles with a diameter less than 0.4mm take
34-57min and particles bigger than 10mm can take up to 6 hours (Hunter et al., 1982).

Emptying of drug solutions from the stomach exhibits a rapid pattern that is relatively

unattected by food digestion state (Davis et al., 1986).

1.6.2.6 Effect of Food

The effect of food on drug dissolution and absorption can be through physicochemical

Interactions or physiological changes. For instance, it was reported that a protein-
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containing meal elevated the gastric pH due to the high buffering capacity of protein

which led to a reduction in the absorption of the basic drug, indinavir (Carver et al.,
1999).

Complexation and chelating interactions can occur with metal ions present in a meal
such as the chelating of tetracycline with calcium in milk which led to limited

absorption of the drug due to formation of insoluble complexes (Sweetman, 2009b).

Food affects the physiology by delaying gastric emptying, stimulating intestinal motility
and elevating pancreatic and bile secretions, digestive enzymes and blood flow (Fleisher

et al.,, 1999). These complex responses to food ingestion can increase or decrease
absorption, which makes it difficult to predict the likely overall effect of food on
systematic bioavailability (Charman et al., 1997). For example, itraconazole, which 1s a
highly lipophilic drug, exhibited a marked increase in bioavailability when taken with
food. This was attributed to an increase in drug solubility and solubilization and a
longer gastric residence time. No significant effect was seen when fluconazole was co-
administered with food which was postulated to be due to its hydrophilic character and

weak lipophilicity (Van Peer et al., 1989).

1.6.2.7 Volume of fluid

The volume of the liquid in which the dosage form can dissolve depends on the fluid co-
administrated with the dosage form and on the secretions output from the GI system.
The volume of fluid in the gastric medium is 15-20ml at fasting conditions and

depending on the intake volume, this can increase up to 1.5L (Horter and Dressman,
2001).

1.6.2.8 Permeability of gut wall

The permeability of the intestinal mucosa can be an indirect factor that affects drug
dissolution, since the driving force for dissolution is the gradient of solubility and the
concentration of drug in solution. Hence, drugs with high permeability are expected to
have a constant low concentration in intestinal fluids (Cy) due to absorption which leads
to more dissolution (Dressman and Reppas, 2000). The permeability is mainly governed
by the chemical structure of a drug and in particular its lipophilicity expressed by the
octanol-water partition coefficient (log P) (Martinez et al., 2002).
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1.7 Biopharmaceutics Classification System (BCS)
1.7.1 BCS concept

In 1995, Amidon et al. (1995) introduced the Biopharmaceutics Classification System
(BCS) framework, and five years later the FDA’s centre for Drug Evolution and
Research (CDER) adopted this system. The BCS takes into account three major factors
that govern the rate and extent of drug absorption from immediate release solid oral
dosage forms (IR): dissolution, solubility and intestinal permeability. Drugs were
categorized by this system according to their solubility as related to dose, and

permeability into four classes:

Class 1: High solubility—high permeability.
Class II: Low solubility—high permeability.
Class III: High solubility—low permeability.
Class IV: Low solubility—low permeability.

BCS guidelines (FDA, 2000) defined the terms of high solubility, permeability and

rapid dissolving as follows:

“A drug substance is considered highly soluble when the highest dose strength is

soluble in £250ml water over a pH range 1 to 7.5.”

“A drug substance is considered highly permeable when the extent of absorption in
humans is determined to be > 90% of an administered dose, based on mass-balance or in

comparison to an intravenous reference dose.”

“A drug product is considered to be rapidly dissolving when > 85% of the labelled
amount of drug substance dissolves within 30 minutes using USP apparatus I or [ in a

volume of <900 ml buffer solutions.”

Therefore, to find out whether a drug is highly soluble or not according to those
definitions, the dose is divided by the solubility to provide the dose:solubility ratio (ml)
and then compared to the FDA criterion for a highly soluble drug, which is 250ml. The

solubility test is recommended to be performed by either the shake-flask method or acid

or base titration methods.

Since the bioavailability (BA) and bioequivalence (BE) of drug products have an
important role in drug development and post approval changes, the FDA included

definitions for those two terms. BA is defined as “The rate and extent to which the
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active ingredient or active moiety is absorbed from a drug product and becomes

available at the site of action” (FDA, 2003).

Two pharmaceutical products were considered bioequivalent if they exhibited
comparable rates and extents of absorption when given at the same molar dose under

same conditions.

The aim of the BCS is to utilize the dissolution test as a prognostic tool for drug

behaviour in vivo which may then be able to replace certain BE studies. So if two drug

products exhibit the same dissolution profiles under all luminal conditions then it is

likely that they are bioequivalent.

For high solubility-high permeability compounds (Class I) which are formulated in
immediate release solid oral dosage forms and exhibit rapid dissolution in vitro, the BE
clinical studies may be replaced by dissolution data under certain conditions (FDA,
2003). These conditions are; drug stability in the GIT, drug does not have a narrow
margin of therapeutic index and the formulation does not contain any excipients that
attect drug absorption. Furthermore, this biowaiver does not include drugs designed to
be absorbed in the oral cavity. For some cases, considering the in vitro dissolution test
as a replacement for in vivo studies would decrease the cost and time of clinical studies

and reduce the unnecessary administration of drugs to healthy human volunteers.

Research studies were carried out after the inception of this system to classify drugs
according to the BCS criteria. For example Lindenberg et al. (2004), classified 61 drugs
from the essential medicines listed by the world health organization (WHO) based on
data available from literature. Monographs of acetaminophen reported the drug as a

Class III compound (Kalantzi et al., 2006¢c) and prednisolone as a Class I (Vogt et al.,
2007).

Yu et al. (2004) suggested using the IDR instead of solubility to classify drugs since the
IDR expresses the kinetics of the solubility rather than the equilibrium. Therefore, it
was believed that IDR might correlate better with the in vivo dissolution. The IDR of a
set of drugs classified in the BCS were determined and a good relationship between the

1 2

IDR and BCS classification was found where a value of 0.lmg min" cm™ was

considered as a class boundary, taking into consideration the dose of the drug was not

extremely high or low.
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1.8 In vitro—in vivo correlation (IVIVC)

In vitro—in vivo correlation relates the in vitro dissolution of the drug with the in vivo
pharmacokinetic data. Considering the BCS, an IVIVC is unlikely to occur with Class I
drugs. High solubility means drug is dissolved in gastric media and waiting gastric
emptying to be transferred to the intestine. Since the gastric site is not the main site for

absorption then gastric emptying, which is not represented in the dissolution process, 1s

the rate-limiting step for absorption rather than dissolution (Lennernas and

Abrahamsson, 2005). Whereas with Class II drugs, IVIVC is likely since poor
dissolution is the rate-limiting step for absorption. Class III correlation is also unlikely

since the dissolution is high so dissolution is not the rate-limiting step, in fact it is the
barrier properties of the GI which are controlling the absorption. With class IV drugs

where both dissolution and permeability are limited, correlation is not expected (Gray et
al., 2009).

There are two cases mentioned in the literature where IVIVC may not be achieved with
Class II drugs (Lennernas and Abrahamsson, 2005). Firstly, when poor soluble drugs
are manipulated in formulations that make them soluble, the drug would fall under the
characteristics of Class I drugs instead. Thus, it was suggested to create an intermediate
category, called intermediate Class II. Secondly, there are some cases where the
saturation solubility and not the dissolution rate will be rate-limiting for drug absorption
so the concentration of drug in the GI will be close to the saturation solubility.

However, the in vitro standard dissolution test does not consider reaching the saturation
solubility since it requires testing in non-sink conditions, which does not always prevail
In the GI system. Drugs with extremely poor solubility could be examples for this case.

Thus, more physiologically relevant media might improve IVIVC even though sink

conditions are not maintained.

Dressman et al. (1998) confirmed the importance of the dissolution test as a predictive
tool of absorption for all four BCS categories and accordingly recommended well-
designed dissolution experiments where conditions simulate the GIT environment as

closely as possible. For example, for Class II drugs dissolution is the limiting-factor for
absorption for two reasons. Firstly, equilibrium considerations, where the fluid volumes
are not enough to dissolve the dosage form. Secondly, kinetic considerations, because
the time the dosage form spends before reaching its absorption window is not long

enough for complete dissolution. Thus, this showed the importance of gaining
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information regarding the dissolution in simulating conditions to establish meaningful
IVIVC.

1.9 Biorelevant dissolution media

The dissolution media recommended by the pharmacopoeias are simple aqueous buffer
systems, composed mainly of hydrochloric acid or phosphate buffer with or without
enzymes (Table 1.1). The pharmacopoeias aim to achieve quality control by using
simple media, which are easy to prepare and standardize and, moreover, with low costs.
However, the dissolution test is supposed to evaluate the behaviour of dosage forms in
vivo and consequently the dissolution media used should reflect the composition of the

fluids encountered in the GI tract, especially when the test is used for developmental

purposes.

Table 1.1 Examples of dissolution media recommended by the BP (2008)

pH Dissolution media

pH 1.0 0.1M HCI

pH 1.2 0.05M Na(Cl, 0.085M HCI

pH 1.5 0.05M NacCl, 0.041M HCI
0.2M Phosphate buffer or

P> 0.05M acetate buffer

pH 6.8 0.2M Phosphate buffer

pH 7.5 0.33M Phosphate buffer

One of the early studies that formulated artificial gastric juice (Filleborn, 1948) to assess
tablet disintegration took into consideration the conditions prevailing in the empty
stomach and in fed conditions, such as pH, peristalsis, presence of pepsin and gastric
mucin. Thereafter, efforts have been employed in this direction to develop more
biorelevant dissolution media. This section gives examples of research studies
developing media simulating GIT fluids and investigating their effect on drug

dissolution.

1.9.1 Gastric simulated media

1.9.1.1 Simulated fasting gastric fluids

The composition of simulated gastric fluid (SGF) in the USP (2008) and BP (2008) is

hydrochloric acid, sodium chloride and it may contain pepsin. However, the gastric
medium has a lower surface tension (41.9 to 45.7mN m™) (Kalantzi et al., 2006a).
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