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ABSTRACT

Furosemide (Lasix®), abbreviated as FR and also known as frusemide. is a drug used for renal
problems and treatment of cardiac edema. Various polymorphic forms of furosemide, dependent
upon the method of preparation and thermal treatment, have been reported. The main thermal
decomposition product of furosemide has been identified as saluamine. The dissolution properties
of furosemide have also been reported to be improved by complexation with beta-cyclodextrin.

Photostabilities of the different crystal forms have been studied.

Differential scanning calorimetry (DSC) and thermogravimetry (TG) have been used to examine
the thermal behaviour of furosemide itself and of its physical and kneaded mixtures with beta-
cyclodextrin (BCD) and gamma-cyclodextrin (GCD). There is strong evidence from DSC that
complex formation between FR and GCD occurs. This is supported by IR and XRD data.
Decreases in the intensity and broadening of the characteristic carbony] (1660 cm™) and amine
(1588 cm™) bands in the kneacled mixture, compared to the physical mixture, were observed with
IR. X-ray diffraction results for the 1:3 molar ratio FR/GCD kneaded mixture showed a halo
diffraction pattern characteristic of an amorphous solid and did not resemble patterns from the

drug, or the gamma-cyclodextrin, or the physical mixture.

Photostability studies have been conducted on solid furosemide and its mixtures with GCD or
BCD. An HPLC method was developed to determine the amount of drug remaining after
exposure and the presence of any degradants. Results indicated that about 10 % degradation of
the drug occurred during exposure for 16 hours at 550 W/m®, with the appearance of polar

degradants.

Although IR and DSC results for thel:3 molar ratio FR/GCD kneaded mixture showed a probable
strong interaction between FR and GCD, the photostability of FR was decreased. The 1:3 molar
ratio FR/BCD kneaded mixture showed less photo-degradation than the 1:3 molar ratio FR/GCD
mixture under similar conditions, suggesting that inclusion of the drug molecule (FR) is different

in the two cyclodextrins.
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Chapter 1
1. INTRODUCTION

1.1. Characteristics of furosemide (FR) and its clinical uses

Furosemide [1, 2] is a short-acting loop diuretic, known by the trade name of Lasix® [3] and
sometimes referred to as frusemide. It is effective in the treatment of the edema due to hepatic,
renal or cardiac failure, as well as edema due to burns. It can also be used to reduce urinary
output if the patient has pregnancy complications; for treatment of hypertension, and as an
adjunct in hypertensive crisis. Furosemide acts on the kidney to increase the body’s loss of water
and assorted minerals and electrolytes (e.g. salts of potassium, calcium and magnesium).
Accumulation of fluids in the body tissues is thus decreased by removing water through excretion.
The drug is available in two forms: as an injectable drug which is used in cases of acute heart-
failure crisis; or in oral tablet form which is generally adequate for continued management after
stabilization. Its toxicity involves abnormalities in fluid and electrolyte balance. Hyperuricemia

and gastrointestinal side-effects are also commonly observed [4].

cl Z—CH;@

HzNozs/ OCH

Figure 1.1 Furosemide (FR)

The empirical formula of furosemide (abbreviated to FR) is C,,H,,CIN,O.S and it has a molecular
mass of 330.8 g/mol. The elemental composition is C 43.57 %, H 3.35 %, Cl 10.72 %, N 8.47
%, 0 24.19 % and S 9.70 %. It is a slightly yellow, crystalline powder, odourless and is almost

tasteless.



2

Aqueous solutions of furosemide [5] have pH’s between 8.9 and 9.3. Furosemide is usually
characterized more by its pharmacological than its chemical similarities. It is regarded as a
derivative of anthranilic acid, or o-aminobenzoic acid (see Figure 1.4). Because the drug
molecule possesses a free carbonyl group, it is known to be a stronger acid than the thiazide
diuretics [6]. The drug is excreted mostly unchanged, although a small amount of metabolism can

take place on the furan ring [7]. The drug has a duration of action of about six to eight hours.

Furosemide s slightly soluble in water, chloroform and diethylether and highly soluble in acetone,
methanol, dimethyl formamide [8] and solutions of alkali metal hydroxides [9]. The drug is
known to be unstable to both heat and light and has to be stored at temperatures of 15-30 °C and
must be protected from light, because exposure of the tablets may cause discolouration.

Discoloured tablets are not allowed to be dispensed to patients [5].

The bioavailability of FR has been known to be poor and highly variable in oral dosage forms.
This poor bioavailability has been speculated to be due to a variety of reasons; including poor
aqueous solubility, site-specific absorption (which has shown that the stomach has a greater
absorptive area for furosemide than the intestine, despite the smaller absorptive area in the
stomach) and pre-systematic metabolism [10, 11]. Additional reasons include its instability in
gastric and or duodenal juices [12], inter-and intra-patient variability, as well as formulation

differences [13].

Because the drug is known to be only slightly soluble in water, improvement of its dissolution
properties is essential. The in vitro dissolution behavior of a drug is closely related to its
bioavailability [14]. Proudfoot [15] states that the rate at which a sparingly soluble drug
dissolves in the gastrointestinal fluids may be the slowest step in the sequence of events leading
to the appearance of the drug intact in the systematic circulation. Drug absorption and
bioavailability are also known to depend on how rapidly the drug dissolves in the gastrointestinal
fluids. Therefore, factors which influence the rate of dissolution will also influence the

bioavailability of the drug.
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Noyes-Whitney’s equation [13] can be used to describe the process of dissolution in drugs:

dm/dt = {(D A)/ h}(C,-C)

where dm /dt = mass rate of dissolution, D = diffusion coefficient of the drug in solution in the
gastrointestinal fluids, A = surface area of drug particles in contact with the gastrointestinal fluids,
h = thickness of the diffusion layer around the drug particle, C, = saturation solubility of the drug
in the diffusion layer and C = the concentration of the drug in solution in the bulk of the

gastrointestinal fluid.

Furosemide is known to absorb ultraviolet light at 275 and 345 nm and to fluoresce at 405 to 417

nm. The fluorescence is pH dependent [10].

Bundgaard, Nergaard and Nielsen [17 ] reported that Sturm e# al.[16] found that the furylmethyl
group in the molecule is acid-labile and furosemide has been shown to undergo acid-catalyzed

hydrolysis in aqueous solution to yield 4-chloro-5-sulphamoyl-anthranilic acid (saluamine).

Beyers e al.[18] reported that decomposition of furosemide occurs before or during melting. The
degradation products formed were not described. The main thermal decomposition product of

furosemide was also identified as saluamine [18].



H
[ 0
Y.
\ / o c AN,
NO “cooH A 3
il Hel H,NO, ~cooH
1 2

Figure 1.2 The formation of saluamine (2) through acid hydrolysis of furosemide (1), as reported
by Beyers ef al. [18].

1.2. Polymorphic forms and thermal behaviour

The melting range of furosemide has been reported to be 217-222 °C [19]. This drug was initially
reported by Doherty and York [19] to have two polymorphic forms: Form I and Form II. These
two forms were prepared by recrystallization of commercial furosemide, using methanol and
ethanol solutions, respectively. DSC curves of the compounds showed two endotherms: the first,
around 136-139 °C, is associated with Form I and is reversible (with AH = 2.2 kJ/mol, or 67 J/g).
The second endotherm corresponds to melting with decomposition. Form II did not show the first
endotherm around 136-139°C. Doherty and York proposed that the weak endotherm around
136-139 °C must be a subtle change in molecular conformation and crystal packing. They
recorded a series of variable temperature FTIR spectra and the results obtained suggested that
the two forms were discrete crystal structures of FR and that they did not transform on heating to

180 °C, within the experimental conditions used.

NMR data also suggested changes in the molecular conformation of the FR molecule in the crystal
Form II that were associated with an altered hydrogen-bonding sequence and a different crystal

packing arrangement, in agreement with their IR and XRD data [19].

No thermal route was found for conversion of Form I to Form II. Hot-stage microscopy showed

an abrupt disintegration of crystals of Form I around 135-140 °C without any sign of melting [19]
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(the extent of the mass loss was not given). Form II has been reported [19] to have a greater
dissolution rate in water than Form I. Further research by Abdulla et al. [6] showed that there are
three forms of furosemide. FR I was prepared from methanol solution, FR II, which was prepared
from 5 % ammonia solution and was shown to be an ammonium salt, and FR III, which was

prepared from n-butanol solution.

FR III showed a phase transition at 105 °C to FR I. The IR spectra of FR I and FR II differ in the
regions 3380-3260 cm™ and 1420-1370 cm™. FR I shows a band at 3380 cm™, characteristic of
the secondary amine group, and two peaks at 3320 cm™ and 3260 cm™ corresponding to the
sulfonamide amino group. Spectral changes also occurred in the SO, absorption region 1420-

1370 em™.

Matsuda and Tatsumi [20] obtained further forms of furosemide, Form IV and Form V, on heating
the other forms to 180 °C. The DSC curve for Form IV was reported [20] to have a sharp
endotherm at 93 °C, accompanied by a shoulder at 102°C, and followed by a slight endotherm at
143 °C. The TG curve showed a mass loss of 17.3 % of the total mass between 70-127 °C,
corresponding to the first endotherm. This suggests that desolvation occurs. The XRD pattern
of this form, which had been heated once and then cooled, revealed it to be identical with Form 1.
The second endotherm at 143 °C was attributed to the resultant Form I undergoing transformation
to a higher-temperature stable form. The DSC curve of Form V displayed [20] strong and weak
endotherms at 89 and 139 °C, respectively, with the final melting endotherm at 218 °C. A 20.5
% loss in total mass over the temperature range from 89-218 °C, was indicated by the TG curve.
It was suggested that the endotherm at 89 °C was caused by desolvation, thereby demonstrating
the close agreement between the observed and theoretical values for a 1:1 dioxane solvate. From
XRD results, Form V was shown to be a solvate with dioxane and to be transformed into Form I
by desolvation at temperatures above 90 °C. The weak endotherm of Form V around 139 °C was
found to correspond to that of Form I, indicating transformation of Form I into a higher-
temperature stable form. An exotherm around 130 °C was also reported in the DSC curve for

Form L
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The amorphous form of FR, which was also obtained by Matsuda and Tatsumi, was recognized
as an unstable form [20]. It was prepared by spray drying. The DSC curve of this form showed
an exotherm at about 103-104 °C and a melting endotherm at 214-215 °C. The cause of the
exotherm was not determined, due to its small size, but it was found to be correlated with the

transformation to a higher- temperature stable form, as observed in all the other forms.

XRD analysis of the amorphous form gave a characteristic halo pattern, instead of sharp
diffraction peaks. The infrared spectrum gave broad absorptions throughout the entire range, due
to the low degree of crystallinity possessed by this form. Matsuda and Tatsumi [20] drew up an
interconversion scheme for furosemide, showing the transformation relationships and conditions
for stability of these forms. Byrn et al. [21] redrew and summarized these interconversion routes.

Form I is the most stable form at room temperature (Figure 1.3)

Amorphous
form
Hiah Dioxane
DMF Hﬁmidir,f solvate
solvate \
Form |
::'I m 1“
Form I h,_.lngl TCoolinQ FoF

Form IV

Figure 1.3 Interconversion scheme for furosemide solid forms under various conditions.

Redrawn by Byrn er al.[21] from the scheme of Matsuda and Tatsumi, [20].
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Beyers et.al. [18] reported that the main thermal decomposition product of furosemide at high
temperatures (218 °C) was saluamine (4-chloro-4-sulfamoylanthranilic). Saluamine was formed
by cleavage of the C-N bond (see Figure 1. 4). Cottrell [22] calculated that the experimental
activation energy of 200 (£2) kJ mol”, was well below the expected activation energy of 247 (+
4) kJ mol™ actually needed for the C-N cleavage [22]. This difference was explained as possible
weakening of the C-N bond through the inductive effect of the furan ring and the delocalization

of the electrons of the aniline nitrogen in the chlorosuphamoyl benzoic acid entity of furosemide

[18].

Lamotte ef al.[23] mentioned that, when some ofthe inter-and intramolecular bonds that form part
of the hydrogen-bond network involving the sulfonamide groups in furosemide disappear, as in the
structurally- related decomposition product saluamine, the aqueous solubility increases. Saluamine
is approximately 30 times more soluble in water than furosemide, but can still be classified as a
poorly water-soluble compound [23]. This poor solubility of saluamine was attributed to the
strong hydrogen bonds between the amine and the carbonyl groups that also exist in furosemide

[23].
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Figure 1.4 The weakening of the C-N bond in furosemide through (a) the negative inductive effect
of the furan ring on the chlorosuphamoyl entity and (b) delocalization of the electrons of the

aniline nitrogen in the benzoic acid entity, as reported by Beyers et al.[18].



1.3 Photostability of furosemide

Matsuda and Tatsumi [20] studied the photostability of FR tablets prepared from Forms I and 111
and of a powder sample of Form II. The tablet surfaces were exposed to light from a 400 W
mercury vapour lamp and the colour changes, AE, of the surfaces with time were measured by

colorimetry. The darkening process followed a rate equation of the form:

-dAE/dt = £ (AE)"
Values of n for all the polymorphic forms were similar (-1.2 to -1.6). Form I was the most stable.
Rowbotham et al. [24] reported that ultraviolet irradiation of alkaline solutions of furosemide
produced 4-chloro-5-sulphoanthranilic acid by oxidation of the sulphamoyl group and hydrolysis
of the furfuryl group. Moore and Tomat [25] reported complete dechlorination after UV

irradiation in deoxygenated neutral aqueous solutions.

Moore and Sithipitaks [26] reported that when methanol solutions of furosemide were irradiated
with 365 nm UV light, photoreduction to N-furfuryl-5-saluamine occurred. Yahya et al.[26] have
shown that aqueous furosemide solutions, stored in burette administration sets, are stable over a
48 hour period when exposed to direct daylight/ fluorescent strip room lighting, but decomposed

with a half-life of about 4 hours when exposed to sunlight.

Neil et al. [28] found that furosemide solutions were stable when stored in normal daylight.
Bundgaard, Nergaard and Nielsen [17] suggested that the photostability of furosemide may be a
function of the degree of ionization ofits carboxylic acid group (i.e. solution pH) such that the un-
ionized species, resembling the esters in terms of inductive effect, might be much more unstable
towards photolysis than the ionized form. During the development of ester prodrugs of
furosemide, they noted the extremely high susceptibility of furosemide esters to undergo

photodegradation in aqueous solutions exposed to normal conditions of artificial light or daylight.
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1.4 Mixtures of cyclodextrins (CDs) with furosemide

Ozdermir and Ordu [29] used DSC to study kneaded and physical mixtures of FR with beta-
cyclodextrin (BCD) and reported the following. DSC curves for BCD displayed no peaks in the
temperature range between 40 °C and 300 °C, while FR exhibited its characteristic endotherm
associated with the melting of the drug at 226 °C. For the kneaded mixtures, the melting
endotherm of FR in the DSC curve disappeared and the physical mix had a less intense endotherm.
The absence of the peak in the DSC curves may be considered as a strong indication that inclusion

of the drug in the BCD cavity had occurred.

IR spectra of the mixtures showed modifications of the carbonyl stretch at 1671 cm™; the amide
stretch at 1596 ecm™; the sulfonamide stretch at 1322 cm™; and the chloride stretch at 582 cm™.
Mixtures were stored for 9 months and no changes in the aged samples could be identified from
the DSC curves,
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Chapter 2
2. THERMAL ANALYSIS TECHNIQUES AND THEIR USES

2.1 Thermal analysis techniques

2.1.1 Definition

Thermal analysis (TA) [32] is the term used to describe those analytical techniques that measure
some property of a sample as a function of temperature or time while the sample, in a controlled
atmosphere, is subjected to a temperature programme. This programme may consist of a series
of preselected segments in which the sample is heated or cooled at a constant rate or held at a
constant temperature. The atmosphere surrounding the sample is important and may consist of

inert or reactive gases.

2.1.2 Differential Scanning Calorimetry, DSC

A differential scanning calorimeter measures the difference between the rate of heat flow (measured
in watts (W) or milliwatts (mW)) to the sample and to a reference pan that are subjected to the
same temperature programme. If the power supplied is integrated with respect to time, then a
quantity of energy is obtained which may be expressed in units of mW s = mJ. If the sample
absorbs energy, the enthalpy change is positive and the process is called endothermic. Ifthe sample

liberates energy, then the enthalpy change is negative and the process is said to be exothermic.

DSC measurements provide information on thermal events which are characterized by enthalpy
changes, such as melting, crystallization, solid-solid transitions and chemical reactions. Because
DSC measurements are based on measurements of heat capacity, changes in heat capacity, such

as that which occurs at the glass transition, can also be determined.

2.1.3 Differential Thermal Analysis, DTA

This technique is qualitatively similar to DSC, except that DTA instruments measure the
temperature difference, AT, between the sample and the reference [30, 31]. Because of their
simpler construction, more reliable quantitative information can usually be obtained from DSC.

DTA instruments can usually be used to higher temperatures than DSC instruments [32].



12

2.1.4 Thermogravimetry, TG (also referred to as TGA)

In thermogravimetry, the mass of a sample which is subjected to a temperature programme is
measured. The measurement is performed in a defined atmosphere, usually in inert conditions
(nitrogen), or in an oxidative environment (air or oxygen). The mass is measured with a sensitive
electronic balance. Interfering buoyancy or gas-flow effects are compensated for by a blank curve
correction. Volatile components formed from the sample are also sometimes analysed by evolved
gas analysis (EGA), (see below). TG can provide information on the content of volatile

components, such as solvents or water and on decomposition behaviour.

2.1.5 Evolved Gas Analysis, EGA

This is the term given to the investigation of the gases or volatile components that may be liberated
from the sample during thermal analysis. The analysis of these components is usually done by
combination of the basic thermal analysis technique with a mass spectrometer, or in the gas cell of
a FTIR spectrometer coupled to the TA module. Important factors when combining or coupling
different analytical methods for detecting and analysing evolved gases or volatiles are: a) the
selection of the methods to be combined, b) selection of the coupling method and coupling
interface, c) the gas flow conditions in the combined instruments, d) detection limits for the evolved
gases, €) the response time and resolution of the gas analysis system, f) the temperature range and
type of samples to be analysed, g) correlation between the data acquired from different detector
systems, h) interpretation of the results, i) and the possibility of calibration and quantitative work

[33].

FTIR allows the whole IR spectrum (400-4000 cm™) to be scanned several times within one
second [34]. TG-FTIR allows for real-time collection of spectra of gases evolved during sample
heating, so that one can make assignment of the evolved gases to the detected mass loss [35]. The
interface for the coupling of FTIR to the thermobalance has to transfer the gas flow into the gas
cell of the spectrometer without pressure changes and losses by condensation and without

secondary reactions occurring in the transmission line.



13

//4//&
\

%

AM»;W,///////'/W
= | N -
=

s,
L

@ Ceramic Nozzle @ Furnace

@ Purge Outiet @ Furnace Tube

Figure 2.1 The Perkin-Elmer TG furnace system showing the purge outlet that leads

evolved gases to the gas line.

The transfer line is usually made of PTFE (polytetrafluroethylene) and is heated so that gases are
carried through this line to a heated IR gas cell without condensation. Figure 2.1 shows the purge
outlet which leads to the transfer line [34]. A gas cell (see Figure 2.2) with a long light path
ensures high sensitivity and good light transmission through the fumes coming from
decomposing samples. Samples are loaded in the same way as they are loaded in TG and there

is no need for transfer- line disconnection [33].
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Figure 2.2 The Perkin-Elmer on-line gas cell for evolved gas analysis using TG-FTIR

Factors that should be avoided once the interface has been connected are: loss of gas by
condensation at cold spots; low-detection sensitivity due to heavy dilution with the purge gas;
low-time and temperature resolution because of long transfer times; mixing of evolved gas by

diffusion and by uncontrolled flow conditions, and variation in the purge gas composition [33].
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FTIR results are usually presented in a Gram-Schmidt plot (a typical example is shown in Figure
2.3). In a Gram-Schmidt plot, the total IR absorption over a set wavelength-range is plotted
against time and the plot is comparable, under ideal operating conditions, with the derivative mass-
loss versus time (DTG) plot. The TG heating programme enables the time to be related to the
temperature. It is necessary to correct for any time-delay that occurs as the evolved gases are
passed through the transfer line to the gas cell. Berbenni er al.[35] stated that the relative rates of
reaction and of purging determine the spectral response. A three-dimensional stacked plot with
information about the spectral ranges and the absorbances of the released gases as a function of
the time, and hence through the heating rate the temperature, at which they are released can also

be obtained from the TG-FTIR results (see Figure 2.4).
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Figure 2.3 A typical Gram-Schmidt plot of total IR absorption over a set wavelength window
against time, compared with a DTG curve (dashed line), showing the evolution of HCI, CO, and
SO, from brick clay as three main peaks [33].
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Figure 2.4 Stacked plot for the degradation of polystyrene, showing IR absorbance against
temperature and time. The peaks correspond to the release of H,O (3600-3400 and 1650-1600

cm!), CO, (2360-2340 and 750 cm™') and aromatic hydrocarbons (CH) (3040 and 1600-1580

cm™). The temperature and the time are related through the heating programme [ 34].
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2.1.6 Thermomicroscopy (or Hot-Stage Microscopy, HSM)

This technique involves microscopic examination of the outward appearance of the sample during
a heating programme and can provide evidence of processes such as sintering, decrepitation and
creeping and foaming of melts that are only really detectable by direct observation [36]. Controlled
temperature stages for microscopes are readily available and can cover wide temperature ranges
[32]. These instruments are equipped with standard photographic equipment, or video cameras

which can record the observations as the events are taking place.

2.2. Applications of thermal analysis in the study of pharmaceuticals

2.2.1 General

Thermal analysis has many applications within the pharmaceutical discipline. These applications
include morphological studies, melting behaviour, determination of purity, stability in the solid state
and drug-excipient interactions [37, 38]. Some examples of pharmaceutically important

information derived from the various thermal analysis techniques [37] are given below:

Table 2.1 Applications of thermal analysis in the study of pharmaceuticals [37].

Processes DSC HSM TG DTA
Melting points a a na a
Polymorphic transitions a a a a

a a 3. a
Glass transition a na na a
Purity determination a pa na pa
Drug-excipient interaction a pa pa pa
Decomposition a na a a
Desolvation a a na a

key: a-applicable, na- not applicable, pa- potential application.
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2.2.2 Purity determination

Use of pure active and inactive ingredients for the preparation of pharmaceutical products is
essential because undesirable impurities could have serious consequences. The DSC method of
purity determination is based on the principle that the presence of impurities (solute) in an organic
compound (solvent) depresses the melting point and that the degree of impurity for dilute systems
is described by the van’t Hoff equation [39]. The theory only holds true ifthe following conditions
are fulfilled: a binary eutectic system is formed, the components are miscible in the liquid state,
thermodynamic equilibrium is achieved and no decomposition occurs on melting. Even though
there are these limitations, analysis of DSC measurements can yield all the information required to
determine the purity, the melting point and the heat of fusion of a substance without the need for

a pure sample of the substance being tested.

2.2.3 Processing of solid pharmaceuticals

Thermal analysis techniques can be used to provide information and understanding of how key
production parameters and the manufacturing environment may affect the morphology and physical
properties of a drug [37]. Temperatures of thermal events such as the glass transition, melting,
boiling, sublimation, decomposition and isomerisation are obviously important. When hydrates or
solvates or volatile compounds are involved in the formulation, the loss of water or volatile
compounds can be followed. A manufacturer needs to ascertain how factors such as concentration,
stir-rate and reaction temperature affect the crystal habit and the morphology of the material; how
pressure, temperature and relative humidity affect crystallinity during particle-size reduction, and
how purity and crystallinity affect the stability of the final product. Many drugs under development
do not reach the market, because their instability can produce degradants with unpredictable side-
effects. Thermal analysis can also be used for identification purposes by simple “fingerprint”-type
of comparison of TG and /or DSC curves for the sample with those for known reference samples.
DSC can also be used to monitor the behaviour of, or identify, polymers used in packaging
material. For example, the glass transition of amorphous cellulose derivatives can be used to

identify the film coatings of biodegradable drugs [40].
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2.2.4 Drug-excipient interactions

For drug/excipient mixtures, any interaction between the drug and the excipient, such as miscibility
in the melt, could lead to eutectic formation, effectively decreasing the purity of the drug.
Comparison of the DSC curves of the individual compounds with those of mixtures can reveal
changes that could be due to interaction in the solid state, such as complex formation or other

chemical reactions [40],

2.2.5 Polymorphism

The study of polymorphism of drug substances is of great importance. Many drugs exists in
different crystalline modifications, as well in the amorphous state. These forms all melt to give the
same liquid phase, but properties such as melting and sublimation temperatures, stability and
solubility are different. In dosage forms, these differences usually lead to differences in dissolution
and bioavailability [40]. DSC can be used to detect: a) solid-solid transitions before melting, b)
melting of the crystalline form and recrystallisation to a second form from the melt which has a
higher melting point, and c¢) cases where each crystalline form melts without any transition to the

other form.

2.2.6 Atmospheric conditions
Thermal analysis can also be used to study the effects of atmospheric conditions, such as the
presence of oxygen and / or water on the stability of drugs, many of which are very susceptible to

oxidation and/or hydrolysis.[41].
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Chapter 3
3. DRUG STABILITY TESTING

3.1 Introduction

The stability of a drug [45] can be affected by factors such as the presence of impurities or
additives, and the container and environment used for storage. Included under environment would
be the effects of temperature and the presence of oxygen and water or other solvents. Impurities
or additives may cause discolouration of tablets and, in certain containers, transfer of drug among
a set of normally equivalent tablets may occur after several months and result in decreased
uniformity of the contents. Alam and Parrot [42] found a close correspondence between the
changes occurring in the dissolution rate of hydrochlorothiazide tablets at elevated temperatures

and those occurring after prolonged storage at room temperature.

Before marketing of a product, packaging tests and shelf-life determinations are essential to the
manufacturer, as well as the determination of photostability, so that the storage conditions can be
specified. Exposure of a drug to light might produce undesirable side-effects such as

photosensitivity effects, or may bring about loss of therapeutic activity.

3.2 Accelerated testing

The effects of storage for long periods at ambient temperatures can be simulated by short periods
of treatment at elevated temperatures, provided that extrapolation of results is not done over a
temperature range that includes phase transitions. Inlong-term stability tests, samples can be stored
for specified times under specified conditions and analysed at regular intervals. Any changes in the
product can then be recognized from sample to sample. A more rapid procedure is to investigate
the kinetics of the decomposition reactions. Such studies may be made under a range of different
isothermal conditions, as in conventional homogeneous kinetic experiments, or under programmed
temperature conditions using TG or DSC results obtained at a series of different heating rates.
Many methods of extracting kinetic information from non-isothermal measurements have been

proposed [32]. If the kinetic measurements have been made reliably and a valid kinetic analysis
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was used, the results should allow limited predictions about decomposition behaviour to be made.
Interpolation of kinetic measurements within the range of experimental parameters used is always
more reliable than extrapolation outside the range. Extrapolation has to be done with caution
because of the generally low melting points and the existence of several polymorphic forms of

drugs, so a single degradation mechanism may not apply.

3.3 Drug-excipient interactions

The morphology of an excipient may also play an important role in the stability of the final product
[43]. The chemical stability of the drug is usually compared with the stability of mixtures of the
drug with each excipient. Chemical instability is defined as a chemical interaction that causes a
detrimental change to the material and can lead to a loss of potency. This interaction may also
result in the formation of potentially harmful degradation products. Degradation can be
environmentally initiated (e.g. photodegradation, atmospheric oxidation, hydrolysis) [43], or be
initiated from within the drug formulation by autocatalysis and/or interactions with other excipients

[44], or impurities associated with the excipients.

3.4 Solid dosage forms

Most of'this study is concerned with the solid-state stability of FR. Drug stability in the solid state
is important because solid dosage forms are more common than other forms and the first clinical
trials are usually carried out on solid dosage forms [45]. When a solid drug is placed in a vacuum
and exposed to temperatures at which it decomposes at a measurable rate, the following reaction
types may occur:

i) Solid —» solid + solid

ii) Solid -+ solid + liquid

iii) Solid = liquid + liquid

iv) Solid = solid + gas

v) Solid = liquid + gas

vi) Solid =+ gas + gas
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Some of these reaction schemes are theoretically possible but not very likely. Reactions of types

iv) and v) have been the most investigated reaction schemes in pharmaceutical science.

3.5 Effects of moisture

Moisture adsorption plays an important role in the physical and chemical stability of solid dosage
forms, excipients and polymers for sustained-release formulations [46]. Many drugs are known to
undergo hydrolysis or oxidation in the presence of moisture, so it is important to study the rate of
moisture uptake and the equilibrium moisture content (EMC) of solid dosage forms and excipients
to obtain information useful for choosing excipients such as tablet-disintegrating agents, direct
compression carriers and binders, and for deciding on the humidity control required during storage

[46]. Moisture determination is thus part of shelf-life determination.

The moisture absorbed by drugs and excipients influences the flow, compression characteristics
and the hardness of granules and tablets [46]. A typical example of a drug whose stability can be
affected by moisture is aspirin [47]. Even though most of the water is driven off after wet
granulation, there is still sufficient residual moisture to induce excessive decomposition on
subsequent storage. Dry granulation methods thus have to be used (i.e. slugging, roller
compaction). Measurements of moisture transmission through polymer films may be useful for
characterization of the dissolution and the transport of drugs from their dosage forms [46]. Edgar
and Swan [48] listed four major factors that affect the rate of moisture absorbed by drug
substances: a) the water vapour pressure gradient between the atmosphere and the adsorbed
moisture layer on the drug substance, b) the temperature, c) the surface area of solid drug exposed

to the water vapour, d) a reaction constant characteristic of the solid [48].

Mikulinskii and Rubinshstein [49] studied the kinetics of moisture uptake by MgSO, and concluded
that the process of moisture uptake is dependent on two steps: a) surface adsorption, occurring at
a rate proportional to the difference between the partial pressures of the water vapour in the
atmosphere and that of the saturated salt solution, and b) water diffusion into the crystal, at a rate
dependent on the product of the diffusion coefficient and water concentration gradient. The

thickness of the layer of the drug substance also influences the water uptake [50].























































































































































































































































































