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Abstract
An ideal drug powder, for use in dry powder inhalers has particles in the respirable size
range (<6 pm), which are not adhesive, cohesive or static. The particles should be stable
in most atmospheric conditions, flow well and disperse readily from the liberation device.
In this study, spray drying has been investigated as a means of controlling the particle size
and morphology o f nedocromil sodium and the effects of moisture on spray dried and
milled powder assessed. The aerosol behaviour of both powders was evaluated in a new
dry powder inhaler, under varying conditions of storage and testing.

A 10% w/v aqueous solution of nedocromil sodium was spray dried using a Mini Biichi
190 spray dryer. Samples of milled and spray dried powder were exposed to varied
relative humidities (0 to 98%) over a period of time. The thermal behaviour of the
samples was studied using thermogravimetric analysis (TGA), and differential scanning
calorimetry (DSC). The surface morphology and size of the powders were examined by
scanning electron microscopy (SEM) and laser diffraction. Isothermal calorimetry and
dynamic vapour sorption were used to investigate the adsorption and desorption
behaviour of both solids at room temperature.

SEM micrographs indicated that the milled powder was apparently crystalline with
particle agglomerates of approximately 5 pm mean size. Spray drying produced discrete,
spherical particles in the size range 1 pm to 5 pm. Relative humidity had a marked effect
on the physical stability of nedocromil sodium. The milled drug existed in different
hydrate forms depending on relative humidity. The amorphous spray dried powder
crystallised at humidities >35%. The microcalorimetry and D VS data displayed different
adsorption behaviour between the milled and spray dried powders, demonstrating that
they may experience complicated moisture induced structural changes.

Aerosol

deposition studies showed that the milled drug-lactose blend aerosolised more efficiently
from the delivery device than the spray dried drug-lactose blend. The milled formulation
was significantly (p < 0.05) affected by changing testing conditions only to 84% RH, or
changing a combination of storage and testing conditions to 84% RH. However, the
spray dried formulation showed no significant differences in delivery from the device
regardless o f changes in storage conditions, testing conditions or a combination of both.
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1.1 Physiology of the respiratory tract
The method of choice for treating respiratory disease is usually the administration of drugs
by means of an aerosol, directly to the respiratory tract. Inhaled drug delivery, is used for
the topical treatment of respiratory diseases, such as; asthma, bronchitis, chronic
obstructive pulmonary disease (COPD), cystic fibrosis, emphysema, microbial infections,
carcinomas and tumours (Clay, 1988). Some drugs (e.g. salbutamol) are effective when
given both orally and by inhalation; others (e.g. sodium cromoglycate) have proved to be
beneficial for the treatment of airways disease only because successful means have been
found of delivering them reproducibly to the lung. The amount of drug required to obtain
the desired pulmonary effect is generally smaller when the drug is directly targeted to the
hmg rather than administered systemically.

Consequently, the resulting blood

concentrations are low and systemic adverse effects are generally negligible (Barth et al,
1993).

The lung is the organ of respiration. To achieve deposition deep within the lung, inhaled
aerosol particles must travel through a tortuous pathway. The human airway bifurcates
for 23 generations until it reaches the alveolar sacs (Table 1.1). For pulmonary drug
delivery, the administration system must deliver the drug to the appropriate region of the
respiratory tract. The respiratory tract is a complex system of branching tubes of
progressively decreasing size. It comprises the nose, throat, pharynx, larynx, trachea,
primary bronchi, secondary bronchioles, branching down to terminal and respiratory
bronchioles, and finally the alveoli. The terminal and respiratory bronchioles are the
regions where bronchoconstriction occurs in asthma, a common respiratory disorder,
attributed to the contraction of smooth muscle in the walls. Bronchial asthma can also be
caused by the airways narrowing due to inflammation of the small peripheral airways.
Common symptoms of asthma include wheezing, coughing, chest tightness and shortness
of breath (dyspnoea). This disease and its causes are discussed in greater detail in section
1.5.
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Number

Diameter
(cm)

Total
crosssectional
area (cnT)

0

1.8

2.54

1

1.22

2.33

2

0.83

2.13

3

0.56

2.00

Classification
o f airways

Blood
supply

Trachea

4

0.45

2.48

5

0.35

3.11

6

0.28

3.96

7

0.23

5.10

8

0.186

6.95

9

0.154

9.56

10

0.130

13.4

11

0.109

19.6

12

0.095

28.8

13

0.082

44.5

14

0.074

69.4

15

0.066

113

16

0.060

180

17

0.054

300

18

0.050

534

19

0.047

944

20

0.045

1600

21

0.043

3220

22

0.041

5880

23

0.041

11800

Bronchi
Elastic
pulmonary
arteries

Large
airways
(>2 mm)

Small
bronchi

Conductive
zone

Small
airways
(<2 mm)

Bronchial
circulation

Bron
chioles

Muscular
pulmonary
arteries

Respiratory
bronchioles
Transitory
zone

Arterioles
Alveolar
ducts and sacs

Respiratory zone

Pulmonary
capillary
bed

Table 1.1 - Airway classification and blood supply (Adaptedfrom Weibel, 1963).
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The respiratory tract has been exploited as a route for introducing drugs to the systemic
circulation, because it has a large surface area of tissue that is abundantly provided with
blood. The total surface area of the human respiratory tract is approximately 30 to 100
m^. The majority of this surface is in the alveolar regions of the lung, which also contain
an abundance of capillaries for rapid gaseous exchange (Gonda, 1988). Thus, any drug
deposited in this region has the possibility for rapid absorption and hence a faster onset
of action. The drug ergotamine for the treatment of migraine (British National Formulary
1999) is an example of how the inhalation route can be exploited in order to administer
drugs rapidly to the systemic circulation. Evading the first pass metabolism by the liver
and or enzymatic degradation in the gastro-intestinal tract is another advantage of drugs
delivered by the inhaled route. It has therefore, been investigated as a route for the
delivery of proteins and peptides, such as insulin and heparin, for systemic absorption.
This exploits the different range of metabolic enzymes found in the lung, compared to the
gastro-intestinal tract, and the large blood/air interface (Liu et al, 1993; Okumura et al,
1994).

The upper respiratory tract comprises all airways above the trachea whilst the lower
respiratory tract consists of the trachea, bronchial tree and the alveolar regions. The
external openings in the nose are lined with skin containing strong filtering hairs which aid
the removal of large inhaled particles. The upper respiratory tract serves to protect the
delicate tissues deep in the lung, and warms and humidifies the inhaled air. From the nasal
passage, the airstream then sharply changes direction downwards through the
nasopharyngeal regions into the pharynx. This change in direction causes substantial
deposition of particles in this region due to inertial impaction. From the pharynx, the air
is directed to the larynx which regulates the total flow of air to and from the lungs. Due
to its smaller cross sectional area, a major resistance in airflow is created which
subsequently causes turbulence downstream. This, together with the jet-like characteristic
of the air exiting the larynx also causes substantial deposition of particles in this region
(Pritchard, 1987).

The trachea, which is the first part of the lower respiratory tract, branches into the left and
right bronchi which enter the two lungs. These two main bronchi continue to divide
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further into secondary bronchioles, branching down to terminal and respiratory
bronchioles, and finally air sacs (alveoli) start to emerge in the walls. The approximate
cross-sectional diameter of the trachea is 1.8 cm, the bronchioles are about 0.5 cm in
diameter and the terminal bronchioles and alveoli are about 0.04-0.06 cm (Lippmann et
al, 1980). The tracheobronchial region (i.e. from the trachea to the terminal bronchioles)
of the airways is lined with ciliated cells. The epithelium of the trachea and the main
bronchi contains tall columnar ciliated cells, scattered with many mucus glands and goblet
cells, non-ciliated cells with a brush border and short basal cells. These combine to sweep
nasal secretions backwards towards the throat by the beating cilia, where it is swallowed.
Therefore, any insoluble particles which deposit in this region, become trapped by the
mucus and can be removed within several hours. The epithelium of small bronchi and
bronchioles mainly contains ciliated columnar cells with only a few goblet cells, called
Clara cells. The epithelium of the respiratory bronchioles and alveolar ducts also consists
of ciliated cells, but they are more squat in shape and a greater number of Clara cells are
found. Gas exchange between the blood stream and the air occurs in the pulmonary
region of the respiratory tract which begins at the respiratory bronchioles. In this region
of the airways, airflow is limited therefore deposition of particles depends on timedependent mechanisms such as sedimentation and brownian diffusion (Pritchard, 1987).

1.2 Particle size distribution and deposition in the lungs

The particle size and size distribution of the drug are usually the most important variables
determining the site and extent of deep lung deposition. Aerosol mass deposition in the
respiratory tract is most frequently related to mass median aerodynamic diameter
(MMAD) and the geometric standard deviation (OSD or Og) of their median aerodynamic
diameter. The concept of MMAD has been developed in order to anticipate the eventual
chances of aerosol particles being deposited in the lung, following inhalation. MMAD is
described as the diameter of a spherical particle, with a density of 1 kg/dm^, having the
same terminal settling velocity as the particle being described. It incorporates the
diameter and density of the particles, being the product of the mass median diameter
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(MMD) and the square root of its density, as shown in equation 1.1 (Gonda, 1988,
Newman and Clarke, 1983).

MMAD = MMD /(p/pg)

[equation L I]

where:p

=

density of the particle

Po

=

‘unit density’ (1 kg/dm^)

The MMD is the size such that 50% of the aerosol mass is contained in particles larger,
and 50% smaller, than this size. Therapeutics aerosols tend to be heterodisperse in nature
(Brain and Valberg, 1979). A logarithmic normal (“log-normal”) population of particle
sizes is usually the most accurate description of the distribution (O’Callaghan and Barry,
1997). GSD is a measure of the extent of aerosol polydispersity, for size distributions
which are log-normal. Generally, an inspirable cloud with a GSD > 1.2 is considered as
polydisperse or heterodisperse (Gonda, 1981).

Particle size variability is a main factor that will influence the site of deposition within the
lung. The three main deposition mechanisms for inhaled drug particles in the respiratory
tract are inertial impaction, sedimentation (settling) and diffusion (Brownian motion)
(Lippmann et al, 1980) and are described below. There are other deposition mechanisms
namely interception (important for elongated fibrous particles), electrostatic attraction due
to charged aerosol particles and thermophoresis. However, these mechanisms are poorly
understood and are considered to be insignificant for drug aerosols in the respiratory tract
(Brain et al, 1985).

1.2.1 Inertial impaction

The initial deposition of large particles entering the lung is known as inertial impaction and
results in removal of practically all particles with an MMAD greater than 10pm for nasal
breathing and over 15 pm for mouth breathing (Lippmann et al, 1980). This mechanism
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of deposition is controlled by the particle’s momentum, that is, the product of its mass
(inertia) and velocity. Particles being carried by the airstream are forced to change
direction on encountering a bifurcation in the lung passage. This deviation is resisted by
the inertial force of the particle, causing it to continue in its original direction, for some
distance. If the particle has a high momentum, it will tend to deposit on the lung surface
as opposed to being carried by the airstream entering the lung. The probability of inertial
deposition follows equation 1.2 (Stuart, 1973).

I (XU(VsinO / gR

[equation 1.2]

where
I
Ut

inertial deposition
-

terminal settling velocity of the particle

V

velocity of the airstream

0

angle of the change in airway direction

g

gravitational constant

R

radius of the airway

Inertial impaction becomes a less prominent mechanism of deposition in the lower
airways, as the velocity of the air flow decreases down the successive bifurcations in the
lung, giving way to sedimentation. However, inertial impaction continues to be important
in the deposition of particles down to the tracheobronchial bifurcations for particles
having MMAD > 3 pm (Lippmann et al, 1980).

1.2.2 Gravitational sedimentation

Gravitational sedimentation is controlled by the particle’s mass and residence time within
the lung. Particles sediment onto the lung tissue under the influence of gravity, when they
remain suspended in the air flow during breath holding or tidal breathing. Small particles
with MMAD between 0.5 pm and 3 pm are deposited by sedimentation in the lower
airways (Lippmann et al, 1980). In these regions the airflow velocity is reduced, and
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becomes laminar in nature. Subsequently, inertial impaction is minimised, and deposition
by gravitational sedimentation predominates. The rate of sedimentation is governed by
the particle density as expressed by equation 1.3 (Stuart, 1973).

Ut = (a-p)gdVl 8y

[equation 1,3]

where:Ut

=

terminal settling velocity

o

=

particle density

p

=

density of air

g

=

gravitational constant

d

=

particle diameter

y

=

viscosity of the air

1.2.3 Diffusion

Particles with MMAD less than 0.5 pm mainly deposit on the respiratory surfaces by
Brownian diffusion, because their settling velocity is too small for them to be captured by
sedimentation, unless they were held there for a long time. These particles are able to
penetrate the alveoli, where the airflow velocity approaches zero (Morrow, 1964). Gas
molecules present in the respiratory tract bombard with colloidal particles causing random
(Brownian) motion. This results in the particles migrating from the high concentration of
the aerosol cloud to low concentrations of the lung walls. Particles of approximately 0.5
pm may also be exhaled during normal breathing, as they are too small to be deposited by
impaction and sedimentation, and yet too large to diffuse through the stagnant air to the
pulmonary surface (Gonda and Byron, 1978). Therefore, particles with MMAD < 3 pm
demonstrate good alveolar penetration whilst those 3-5 pm are dispersed consistently
throughout the lung, and particles with MMAD > 5 pm are deposited in the conducting
zones, which begins with the trachea and ends with the terminal bronchioles (Lippmann
et al, 1980).
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1.3 Devices for inhalation

Drugs used in the treatment of respiratory diseases such as asthma and irreversible
obstructive lung diseases (e.g. chronic bronchitis) are most often administered via
inhalation. Therapy can be delivered quickly and efficiently to the airways making
inhalation the preferred route of administration. Three types of aerosol devices are in
general clinical use, as a means of drug delivery to the lung - nebulisers, pressurised
metered dose inhalers (MDIs) and dry powder inhalers (DPIs). MDIs are the most
commonly prescribed, but there is also increasing interest in DPI technology (Meakin et
al, 1995).

Inhalation devices originated as hand-operated nebulisers used in the 19^‘' century,
however the development of modem pulmonary devices began in 1955 through the work
of Irving Pomsh at Riker Laboratories Inc., (now 3M Pharmaceuticals). Medihaler-Iso
and Medihaler-Epi MDIs were the first commercial products to be authorised and
launched in 1956 (Benson and Prankerd, 1998). DPIs have a shorter history than MDIs
and are advantageous in that the generation of aerosol is automatically co-ordinated with
the procedure of inhalation.

1.3.1 Nebulisers

Nebuliser fluids generally comprise an isotonic aqueous drug solution or suspension,
which may contain some additives, e.g., a buffer or preservative.

Hand-operated

nebulisers were used for many years for administering drugs in solution form, however
their lack of portability and undependable qualities led to reduced popularity and the
introduction of MDIs and DPIs (Dalby et al, 1996). Nebuliser solutions are aerosolised
by either pneumatic atomisation, where a flow of pressurised gas passes through a small
nozzle, or by ultrasonic vibration that breaks the fluid up into droplets, which are
subsequently inhaled using a mask or mouthpiece. Ultrasonic nebulisers frequently have
a higher output than jet nebulisers, however they are generally more expensive, and have
been less extensively studied and characterised than jet devices. A nebuliser is the
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inhalation device chosen where high-dose therapy is required or where the drug cannot
be conveniently formulated into MDIs or DPIs. Very young and very elderly patients
benefit the most from these devices, as co-ordination between inhalation is not necessary
for efficient nebuliser use, and the drug may be inhaled during normal tidal breathing
(Dalby et al, 1996). However, the main disadvantage of using these devices has been their
lack of portability, noisy operation and expense.

1.3.2 Metered Dose Inhalers (MDIs)

MDI formulations comprise the drug suspended or dissolved in a mixture of a highly
volatile liquefied propellant and a surfactant to improve dispersion of finely powdered
solid drug. The solution or suspension is dispensed from a pressurised metal canister as
a precise dose of the drug (in principle). A schematic diagram of the pressurised MDI is
shown in Figure 1.1.

When the MDI is actuated, a metered dose of the

drug/propellant/surfactant mixture is expelled as an aerosol cloud. The aerosol droplets
discharged initially consist of drug and propellant, hence their size is greater than that of
the drug particle alone (1 to 5 pm). Due to an initial rapid evaporation of the volatile
propellant, the droplet diameter drops from approximately 43 pm to 14 pm within 10 cm
of the canister, immediately after actuation (Moren and Andersson, 1980). MDIs are used
with a variety of asthma drugs: P^-^gonists, (e.g. salbutamol), corticosteroids, (e.g.
beclomethasone dipropionate), anticholinergics (e.g. ipratropium bromide) and
prophylactic agents (e.g. sodium cromoglycate and nedocromil sodium) (British National
Formulary, 1999). Although MDIs are the most common form of device for inhalation
therapy, a number of disadvantages have always been associated with their use.

Previously, all MDIs contained chlorofiuorocarbons (CFCs) as propellants for creating
an aerosol. Usually, the propellant for an MDI comprises a mixture of two or more liquid
CFCs, namely trichlorofiuoromethane (propellant 11), dichlorodifluoromethane
(propellant 12), and dichlorotetrafiuoromethane (propellant 114). Due to their apparent
inertness, these propellants have been used for many years, and function well in
combination with the surfactants and co-solvents currently used. However, due to
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evidence of CFCs depleting the protective ozone layer of the stratosphere, international
recommendations have been instituted in order to minimise their consumption (Benson
and Prankerd, 1998).

C ontainer
O iu g
Propel) a n ls /c o -s o l v e n ts
Surfciclanls
Impurities

N o z z le
Figure /. /

A ctuator
Metered dose inhaler device.

An international agreement, the Montreal Protocol on substances that deplete the ozone
layer, was drawn up in 1987 under the auspices of the United Nations Environment
Programme. It called for a 50 per cent reduction in CFC production by 1999 compared
with 1986 levels. The Montreal Protocol was modified at a London meeting in June,
1990, to phase out CFC production by the year 2000. In the European Union, all ozone
depleting CFCs were banned by the end of 1995, except pharmaceutical aerosols.
Although medical use of CFCs accounts for less than 0.5 per cent of global consumption,
alternatives have to be sought. Other propellants have been in development for the last
10 to 15 years.

A number of alternatives are available for substituting CFCs in practically all aerosol
products (Dalby and Byron, 1991).

These include hydrocarbons, dimethyl-ether,

compressed gases (e.g. nitrogen and carbon dioxide), hydrofluorocarbons (MFCs)
sometimes called hydrofluoroalkanes (HFAs), and product substitutes. HFAs which
contain no CFCs, are promising candidates to substitute the existing CFCs, however they
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possess formulation difficulties including having much higher vapour pressures and
surfactant solubility problems. Two potential hydrofluoroalkane (HFA) replacements for
CFCs in MDIs are 1,1,1,2-tetrafiuoroethane; HFA 134a and HFA 227ea. These HFAs
have no ozone depleting capacity, as neither of them contains chlorine. HFA 134a is used
in the Airomir™ (3M Pharmaceuticals) salbutamol sulphate inhaler. Another non-CFC
inhaler that has become available recently is the Qvar™ inhaler (3M Pharmaceuticals).
Factors such as a higher fraction of drug doses delivered in the fine particle size range
have been improved significantly compared to the CFC inhalers (June and Schultz, 1995).
Alternatively, investigating the technology in inhalers that do not need propellants at all
is an option to replacing the currently employed propellants.

1.3.2.1 Disadvantages of MDIs

Although MDIs provide a quick and easy way of transporting drugs into the airways,
many patients (30-50%), especially the elderly, arthritic people and children, find it
difficult to release the aerosol dose in co-ordination of their respiratory cycle (Crompton,
1982). This problem results in suboptimal delivery and efficacy of the medication. In
order to overcome these problems, additional features like spacers and tube extensions
can be attached to the MDI. Spacers are plastic extension tubes recommended to
overcome aerosol deposition in the mouth and improve the inhalation of drug from MDIs.
They allow more time for propellant evaporation, hence reducing droplet size and slowing
velocity of the aerosol cloud, which potentially increases airway penetration. Breathactivated MDIs (e.g.. Autohaler™, 3M Pharmaceuticals and EasiBreathe™, Norton
Healthcare) have also been developed to combat the need for hand-breath co-ordination.
The Autohaler™ has an inspiratory demand valve which means that it is actuated by the
patient’s inhalation alone.

However, these inhalers require patients to achieve a

substantial inspiration to operate the device. Other devices emit the spray at a high
velocity which increases oropharyngeal deposition. The Gentle-Haler™ (Sobering) has
been developed to reduce the velocity of the emerging spray and has been shown to
reduce oropharyngeal deposition (Newman, 1991).
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The medication can also fail due to the delivered droplets containing suspended drug
particles being too large for penetrating down the trachea and having a high velocity
(Byron, 1986). For this reason, 70 - 90% of the dose impacts on the oropharynx, and is
subsequently swallowed.

The deposition of the particles on the mucosa of the

oropharyngeal area may induce serious local side effects, e.g. candidiasis. As a result of
mucociliary clearance, the drug may also be absorbed from the gastrointestinal tract
(Nilsson et al, 1976), possibly resulting in systemic adverse effects.

There is evidence that only between 10 - 25% of the dose emitted from an MDI enters
the airways, despite the patient having a good technique of administration (Davies, 1979).
With a faulty inhalation technique, even less drug is considered to reach the airways. It
is possible to increase the fraction of drug deposited in the therapeutic region by means
of controlled inhalation techniques (Pavia et al, 1977). However, it is time consuming to
train asthmatic patients to use these inhalation techniques effectively.

MDIs are very complicated dosage forms with various problems both in formulation and
storage. Agglomeration of particles presents problems of valve clogging and nonuniformity of delivered drug dose (Vidgren et al, 1991). As a result of these problems,
dry powder inhalers (DPIs) were developed as an alternative system for delivering drugs
to the lungs.

1.3.3 Dry Powder Inhalers (DPIs)
DPIs were developed approximately 30 years ago for delivery of various drugs, e.g.
sodium cromoglycate (in the Spinhaler™). However, these devices were not very popular
at that time due to difficulties encountered in handling them and physical properties of the
powder. Subsequent problems encountered with MDIs have recently rekindled the
interest in DPIs (Virchow Jr. et al, 1994), making them a viable alternative to MDIs.
DPIs are easier to use than MDIs because they do not require co-ordination between
actuation and inspiration. The number of these DPI devices will inevitably increase.
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The deposition profile of drugs emerging as an aerosol from a DPI is likely to be
controlled by three interdependent factors, namely the powder formulation, the patient
(natural physiology and breathing patterns) and the formulation device. Although the
powder formulation should constitute a coarse carrier diluent for good flow properties,
the particle size of the drug must be within the range 2 to 5 pm for optimal lung
deposition, therefore the formulation must meet mutually contradictory requirements
(Ganderton and Kassem, 1992). The patient’s inspiratory effort provides the energy to
remove micronised drug particles from the coarse carrier surface before facilitating
deposition in the airways. From the perspective of drug delivery, this separation stage is
the crucial stage (Bell et al, 1971). The device’s design has a crucial effect on the
achievable drug deposition pattern within the lungs. Thus, drug particles deposited in the
therapeutically significant regions of the lungs can be improved by optimising the powder
device (Vidgren et al, 1988a; 1988b; 1990).

1.3.3.1 Formulation of dry powder inhalers
DPI systems deliver the drug in micronised solid form. Such micronised particles have
poor flow properties, which can be improved by either forming aggregates, or adding
coarse diluents. A particle cloud is generated as a result of the patient drawing air
through the device and so fluidising a powder bed containing the drug (Meakin et al,
1995). This inspiratory air of the patient supplies energy to disperse the drug powder
from the inhaler and also determines the velocity at which aerosol particles impact in the
oropharynx.
The success of the dry powder inhaler formulation depends on the adhesion of drug and
carrier during mixing and filling of devices or hard gelatin capsules, followed by the ability
of the drug to desorb from the carrier during inhalation, such that free drug is available
to penetrate to the peripheral airways. Adhesion and desorption will depend on the
morphology of the particle surfaces and surface energies, which may be influenced by the
chemical nature of the materials involved and the nature of powder processing, e.g.
micronisation.

Drug material is generally reduced to the suitable particle size,

mechanically by micronisation e.g. with an air jet mill.
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The static, cohesive and adhesive nature of the micronised drug can create
physicochemical difficulties, causing extreme aggregation and poor flow properties during
the preparation and use of the DPIs. Previous studies using the Spinhaler™ DPI, have
shown that micronised sodium cromoglycate alone would not liberate from a gelatin
capsule unless it was mixed with larger sized (30 to 60 pm) diluents (Bell et al, 1971).
Free-flowing solid diluents such as lactose can help to resolve the cohesion problem by
acting as a carrier. The drug particles, usually between 1 and 10 pm, are loosely adsorbed
onto the surface of the larger lactose carrier particles, normally between 60 and 80 pm
(Dalby et al, 1996). When the patient inhales through the DPI device, the drug particles
become displaced from the carrier particles after passing through a very fine screen, a
tortuous pathway or some other in-built mechanism. The drug particles are then inhaled,
while the larger carrier particles adhere to the DPI or are deposited in the oropharynx.
The inclusion of coarse carrier particles is a widely used technique to provide satisfactory
flow properties with minimised upper respiratory tract deposition when mixed with the
micronised drug. Lactose has been studied widely and gained general approval, hence it
has been employed over recent years. However, other saccharide derivatives like glucose,
mannitol, arabinose, xylitol, dextrose, maltose, dextrins and dextrans may be useful
alternatives (Martin et al, 1994).

When added to a powder, lactose improves

aerosolisation properties by breaking up the cohesive bonds of the drug particles. The
strength of these cohesive forces between drug particles and adhesive forces between
carrier and drug particles are crucial for the redispersion of drug particles in the inspired
air. These forces must be adequate to ensure that there is no demixing during filling and
handling, yet allow extensive detachment when exposed to the turbulent air flow
conditions created within the DPI device (Byron, 1986).

1.3.3.2 The Patient’s influence on drug deposition
The patient’s inspiration controls the deaggregation of the micronised drug particles from
a carrier surface in the DPI device, before facilitating deposition in the airways. Thus age,
gender, level of fitness, disease state, natural physiology and breathing cycle (e.g. tidal
volume and breathing frequency) are likely to be critical to the optimal use of DPIs. For
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example, when an asthmatic patient is experiencing bronchoconstriction, their breathing
pattern will change remarkably, hence affecting aerosol deposition in the lung.
The patient’s inspiratory effort, which causes air turbulence within the device, may either
be enhanced or inhibited depending on the construction of the inner air channels within
the device (Moren, 1992). In general, a narrower air channel would create a more
turbulent air flow (Ward et al, 1992). However, a subsequent increase in resistance of the
inhaler to air flow will result in difficulties for patients, especially children (Pedersen et al,
1990) and severe asthmatics to inhale through the device, at a flow rate critical for clinical
efficacy. The Spinhaler™ requires inspiration velocities of between 35 and 40 Lmin^
(Bell et al, 1971). The Turbohaler™ demands a greater inspiratory effort. However,
asthmatics using a Rotahaler™ with low internal resistance can produce inspiratory flow
rates of more than 50 Lm m ’ effortlessly (Moren, 1992). Thus, the intrinsic inhaler
resistance is an important feature for determining the patient’s inspiratory effort.

1.3.3.3 The dry powder inhaler device
In the design of a powder inhaler, careful thought must be given in order to ensure that
the device is comfortable and easy for the patient to use. There are several different
designs of DPI systems, which fall into two classifications based on dose loading. Devices
like the Spinhaler™ (Fisons), Rotahaler™ (GlaxoWellcome), shown in figure 1.2,
Cyclohaler™ (Du Pont Pharma), Aerohaler™ (Boehringer Ingelheim) and Diskhaler™
(GlaxoWellcome) involve utilisation o f unit doses as capsules or blisters.

Before

inhalation, a hard gelatin capsule or foil blister disks containing the drug must be inserted
in the inhaler, and either opened or pierced in order to discharge the drug dose.

Such devices are inconvenient, however, because the capsules may be difficult for patients
to insert, particularly in acute situations. Furthermore, the capsules may occasionally fail
to break or may empty incompletely (Pedersen, 1985; Pedersen and Steffersen, 1986).
These problems were overcome with the development of the Diskhaler™, where four or
eight doses are prefilled with drug plus a lactose carrier, in aluminium foil blisters around
the edge of a disk. The device, at each operation, punctures one blister with a needle, by
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mechanical leverage on the lid, and the patient then inhales drug through the device
mouthpiece. This method tends to be easier for the patient compared to handling gelatin
capsules (Moren, 1992).

Figure 1.2

The Rotahaler^ device (GlaxoWellcome).

Development of the Diskhaler™ has led to the production of the Accuhaler™ or Diskus™
(GlaxoWellcome) Inhaler, in which drug/carrier mix is pre-loaded into the device in foilcovered blister pockets, containing 60 doses (Figure 1.3). As each dose is presented, the
foil lid is peeled off the drug containing pockets. The blisters and foil lid are then wound
up separately within the device, which is disposed at the end of operation.

The second category of devices are multi-dose reservoir type DPIs, e.g.. Turbohaler™
(Astra), Clickhaler™ (ML Laboratories PLC), Easyhaler™ (Orion Pharma, Finland),
Pulvinal™ (Chiesi, available only in Denmark) and more recently the Ultrahaler™ (RhônePoulenc Rorer). These multi-dose devices have a dose metering unit embodied in them
which is fed from a reservoir of bulk powder formulation and charged by a patient
actuation procedure.
The Turbohaler™, which delivers either the bronchodilator terbutaline sulphate or the
corticosteroid budesonide, contains aggregated drug substance which is metered in the
device prior to the patient inhaling through it (Wetterlin, 1987). This device was
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developed to overcome both the need for a carrier and the loading of individual doses.
It contains up to 200 doses of undiluted, loosely aggregated, micronised drug without any
other excipients, which flows from the drug reservoir on to a rotating disc, in the dosing
unit (Figure 1.4). The loose aggregates can be achieved, using small amounts of a suitable
solvent, by a number of aggregating processes (Bell, 1978) namely, agitation by tumbling,
drum pelletisation, controlled agglomeration by fluidisation or spray drying.
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The Diskus™ device (GlaxoWellcome).
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Figure 1.4

The TurbohaleF’^* device (Astra). The arrows
indicate pattern of airflow through the device at
inhalation.

The fine holes in the disc are filled and any excess drug removed by scrapers. By simply
turning the base of the device, the rotating disc is moved to present one metered dose to
the inhalation channel. This is then simply inhaled by the patient, with the turbulent air
fiow created, breaking up any drug aggregates. Deposition and clinical efficacy of
terbutaline sulphate from the Turbohaler™ were shown to be comparable to that from an
MDI (Newman et al, 1989). Excipient free delivery devices like the Turbohaler™ are
advantageous as they are beneficial for patients prone to carrier induced broncho spasm
or intolerant to lactose. However, the patient requires a considerable inspiratory effort
in order for deagglomeration to occur efficiently, due to the internal resistance of the
device (Sumby et al, 1992). Another potential drawback of this device is drug stability
problems in high humidity environments, hence a large desiccant is embodied in the device
to maintain the dryness of the drug (Wetterlin, 1987).
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The Clickhaler™ is a ‘reservoir type’ multi-dose DPI used to deliver salbutamol sulphate
( Barrowcliffe et al, 1996) and beclomethasone dipropionate. The current device contains
either 100 or 200 doses of drug, which are discharged from a storage hopper that is
tightly sealed within the inhaler. A metering cone is positioned below the storage hopper
and consists of a series of metering cups or dimples on its surface. These dimples are
filled by gravity as they rotate and carry the dose into the mouthpiece. The mouthpiece
is designed in such a way to disperse any agglomerated powder. The Clickhaler™ is
simply used by removing the dust cover, shaking the device, then depressing a button on
top of the inhaler and inhaling steadily and deeply through the mouthpiece.

1.3.3.4 The Ultrahaler™ DPI
The Ultrahaler™ (Rhône-Poulenc Rorer) is a new multi dose, breath-actuated dry powder
inhaler, which has been developed to deliver nedocromil sodium for the treatment of
asthma (Pitcairn et al, 1997). Several design characteristics have been included in the
Ultrahaler™ to overcome some of the problems and criticisms of other DPI designs.
These comprise a window in the casing where the patient can visually check to ensure that
the dose has been correctly loaded and then inhaled. Another window shows how many
doses remain in the inhaler. A cross section view of the Ultrahaler™ is shown in figure
1.5.
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Figure 1.5

The Ultrahaler™ device (Rhône-Pouienc Rorer).
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In the Ultrahaler™, the drug formulation is stored within the inhaler as a lightly
compressed compact of powder. During patient use, a single dose is prepared for
inhalation by the action of rotating the Ultrahaler™ barrel 180®clockwise and back again
while firmly holding the cap still. This manoeuvre causes a helical blade to cut an exact
amount of powder from the compact, delivering an accurate and reproducible dose. The
powder is then drawn through the dispersion system by patient inhalation. The turbulence
created, separates the drug particles from the other excipients. Subsequently, the powder
aerosol emerges through the device mouthpiece and into the patient.
To prevent incorrect loading of the drug, a vertical orange indicator bar obscures the
Ultrahaler™ windows when the device has not been prepared correctly. This indicator
bar can only be removed by loading the device correctly. Furthermore, a one-way valve
incorporated in the inhaler, stops the patient from exhaling moist air into the device
(Pitcairn et al, 1997).

1.3.3.5 Novel DPI systems
Two novel systems which utilise electromechanical energy to deagglomerate and
aerosolise powders are briefly described here. In standard DPIs, the patient’s inability to
inhale forcefully due to their age, physical abilities or clinical condition could affect
aerosolisation o f the drug. The Spiros inhaler (Dura Pharmaceuticals) is a batterypowered DPI which uses a unique combination of patient energy and the energy of an
internal battery operated impeller spinning at 15,000 revolutions per minute (Anonymous,
1998). The impeller is automatically activated as the patient begins to breathe through the
inhaler. The Spiros inhaler has two main components - the inhaler and the powder storage
system. A disposable cassette containing 30 precisely measured doses of drug are inserted
into the inhaler. By opening and closing the lid of the inhaler, the dose advances and
releases the correct amount of powdered drug into the dosing chamber. The patient’s
gentle inhalation through the mouthpiece triggers the impeller which causes the drug
powder to aerosolise. The patient’s natural breath delivers the drug into the lungs.
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The Inhale Therapeutic Systems delivery device (Palo Alto, California) utilises patientcharged compressed air that is liberated through a jet to transmit a surge of energy to a
unit-dose-packaged drug. When the device is actuated by a trigger, the drug, and any
associated bulk carrier, is delivered into a several-ounce holding chamber, which is
eventually inhaled by the patient.

1.3.3.6 Advantages and disadvantages of DPIs
DPI use for the therapy o f bronchial asthma is increasing, and is likely to become more
popular as a result of the clinical advantages associated with their use, improvements in
DPI design and the decline in CFC use. A major advantage of DPIs is that the clinical
problem of good coordination of inhaler actuation and breath inhalation with MDI devices
is avoided with the use of DPIs. Most patients who are unable to operate the MDI are
able to use the DPI. DPIs are a well-accepted and effective alternative to CFC-containing
MDIs for most patients (Virchow Jr. et al, 1994), as they are propellant free and do not
contain any excipient, other than lactose. Furthermore, the dose per actuation delivered
by the DPI is not limited by the volume of a metering valve nor the maximum suspension
concentration that can be obtained without causing valve clogging.
However, DPIs have several disadvantages associated with their use. Metering of a dose
is not always reproducible as aggregation of the micronised powders is so strong (Byron,
1986; Moren, 1987). Liberation of powders from the device and deaggregation of
particles are limited by the patients ability to inhale, which may be hindered, in the case
of respiratory disease (Moren, 1987). Thus, the dosing form DPIs may be prone to
extreme inter-subject variation. An increase in turbulent air flow generated by an increase
in inspired air flow rate increases the deaggregation of the emerging particles, but also
increases the potential for inertial impaction in the upper airways and throat. Further,
DPIs are exposed to ambient atmospheric conditions, which can change the characteristics
of the drug particles and hence reduce formulation stability. Increased humidity, for
example, may cause clumping of powders on storage or hygroscopic growth within the
humid lung airways may alter particle size and density. Finally, DPIs are generally less
efficient at drug delivery than MDIs, such that twice the dose is normally required for
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delivery from a DPI than that from a MDI (Byron, 1986; Byron, 1987).

1.4 Size reduction
Several techniques are employed to produce small drug particles. The most common
means of reducing particle size is milling. Different types of milling equipment are
available (e.g. hammer mills, cutter mills, ball mills and fluid energy mills), depending on
the size reduction range required. The fluid energy mill is a typical mill used to produce
fine powders for DPI formulations (Vidgren, 1988c), and therefore will be the mill
described.
A schematic diagram of a fluid-energy mill (air-jet mill) is shown in figure 1.6. High
velocity elastic fluids, usually air, are introduced through nozzles at the bottom of the
milling chamber, as a high pressure jet (25-300 lb in^). The coarse drug material is
introduced into the milling chamber through a Venturi feeder, and the particles enter
directly into the airstream moving at a high velocity. The mill contains no grinding parts
so the particles fracture violently as a result of colliding into one another. The coarse
particles circulate in the periphery of the hollow, doughnut-shaped mill, due to the
centrifugal force above the chamber. However, the fine material is carried by the
airstream through an opening in the core of the mill into a collection chamber or a bag.
A major advantage of using a fluid-energy mill is that heat-sensitive materials can also be
micronised. This is because no frictional heat is imparted to the material, as there are no
grinding parts in the mill. Temperatures within the mill will also remain low due to the
cooling effect of the grinding fluid as it expands in the grinding chamber. The production
of particles within a narrow size range, is another advantage of using these mills. One
major disadvantage of using a fluid-energy mill is that the feed rate of the coarse, raw
material must be controlled, otherwise the device becomes blocked by a clump of material
(Rippie, 1985). The properties of the input material, especially its brittle or ductile nature,
are important for determining the size to which the particles are micronised (Rogerson,
1996). There is a cut-off diameter which defines whether a particle is more ductile than
brittle or will deform rather than fragment into smaller particles.
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Fluid energy mill.

Supercritical fluid extraction (York, 1996) and controlled precipitation of the drug
substance (Kassem, 1990), are alternatives to the micronising process for obtaining fine
drug particles suitable for inhalation therapy. Liquids which are above their critical
temperature and critical pressures are termed supercritical fluids (Phillips and Stella,
1993). Particles can be precipitated by the rapid expansion of supercritical solutions
containing dissolved drug and gas antisolvent reerystallisation. The latter procedure
involves the supercritical fluid acting as an antisolvent for dissolved drug contained in
droplets of another liquid. Spray drying offers another alternative process for generating
small particles capable of being used in inhalation therapy. This is a technique that has
been investigated in this study, and is discussed in greater detail in chapter 2.

1.5 Asthma
Inhalation devices used in the treatment of respiratory diseases such as asthma have been
described in great depth. In order to investigate possible future strategies for asthma
therapy, it is important to understand the disease itself.
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About thirty years ago, bronchial asthma was considered to be an allergic disease.
Research in the past focussed on airway smooth muscle, although there was very little
indication that airway’s smooth muscle performs abnormally in asthma. Bronchodilator
agents, particularly beta-adrenergic agonists, which reverse airway’s smooth muscle
spasm, were initially used for the treatment of asthma (Bames, 1989). Although these
agents provide short-term alleviation from the symptoms, they do not alter the irreversible
component of asthma, which involves inflammation, oedema, and increased mucus
production (National Asthma Education Program, 1991). It is important that the therapy
of asthma should aim to prevent the disease getting worse.
Several stimuli including allergens, exercise, cold air, fog, environmental pollutants,
cigarette smoke and drugs like aspirin, can induce acute bronchoconstriction in
asthmatics. This bronchoconstrictor response to different stimuli is mediated through
interaction with receptors located on the bronchial smooth muscle cells or on
inflammatory cells, such as mast cells and macrophages (Pauwels et al, 1989).

1.5.1 Phases of asthma
When allergic asthmatic individuals are exposed to an allergen, an early phase asthmatic
reaction may develop within 30 minutes of exposure. A late phase asthmatic reaction may
develop between 4 to 6 hours without further contact with the allergen (Durham and Kay,
1985; de Monchy 1986). The late phase asthmatic reaction adopts a different pattern to
the early reaction, having a slower onset of action and resulting in a more prolonged
bronchoconstriction. The late reaction has been shown to correlate with clinically relevant
asthma and is also considered to be more severe, (Bruijnzeel et al, 1989).

1.5.2 The role of inflammatory cells in causing asthma
Inflammatory cells are thought to actively contribute to the pathogenesis of asthma since
they penetrate the lung tissue where they may be activated to release bronchoconstrictor
mediators, (Bruijnzeel et al, 1989). Epithelial cells, macrophages, mast cells and platelets
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are inflammatory cells present in the airways which may be activated by a variety of
airborne stimuli, e.g. viruses or environmental pollutants. Secondary inflammatory cells
include neutrophils, eosinophils, macrophages and perhaps platelets. Once these cells
have been stimulated, cell activation takes place with the release of inflammatory
mediators, which may cause immediate effects such as broncho spasm. Subsequent
intense inflammatory processes occur within the airways of asthmatic patients which
causes damage to healthy lung tissue, (Rainey, 1989). Figure 1.7 illustrates the causes and
repercussions of inflammation in the lung tissues.
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1.5.3 Therapy of asthma as a chronic inflammatory disease
Recognition of asthma as a chronic inflammatory disease over the past fifteen years has
emphasised the necessity for drug therapy which provides more than just bronchodilatory
activity. It is this inflammation that links asthma to a series of other airways diseases,
hence treatment of this inflammation reverses the symptoms which subsequently treats the
disease itself (Rainey, 1989). Thus, it seems logical to use drugs that suppress the chronic
inflammation in the airway wall. Corticosteroids, sodium cromoglycate and nedocromil
sodium are all drugs that would provide this course of action (Bames, 1989).
Nedocromil sodium and sodium cromoglycate are the only two non-steroid anti
inflammatory agents currently available for treating asthma. Both dmgs are topical,
preventive, anti-inflammatory agents, with particular efficacy in decreasing the late-phase
asthmatic response. Sodium cromoglycate, marketed for approximately 30 years, has
been used for treating various allergic conditions of the airways (Murphy and Kelly, 1987;
Meltzer, 1995). This dmg is recommended as an accompaniment, anti-inflammatory
treatment for moderately severe airway diseases. Nedocromil sodium, the successor to
sodium cromoglycate, was developed as an intensely specific anti-inflammatory drug for
treatment of mild-to-moderate asthma.
Inhaled corticosteroids and to a certain extent sodium cromoglycate and nedocromil
sodium have become the mainstay of prophylactic treatment in adults and children, while
bronchodilators have been consigned to use for alleviation of symptoms only (Virchow
Jr. et al, 1994).

1.5.4 Nedocromil sodium
Nedocromil sodium is an anti-inflammatory drug used in the treatment of reversible
obstructive airways diseases like asthma. This disodium salt of a pyranoquinoline
dicarboxylic acid has a chemical name, disodium 9-ethyl-6, 9-dihydro-4,6-dioxo-10propyl-4H-pyrano-[3,2-g]-quinoline-2,8-dicarboxylate.
nedocromil sodium is shown in figure 1.8.
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Structuralformula o f Nedocromil sodium

Nedocromil sodium has a range of actions against many of the inflammatory cells causing
airways inflammation. It acts mainly by preventing the release of various mediators from
human mast cells and other inflammatory cells involved in airways inflammation in vitro
(Brogden and Sorkin, 1993). Nedocromil sodium has also been shown to be effective in
blocking the bronchoconstrictive response to allergens, especially mast cell-related
mechanisms (Pearce et al, 1989), and exercise challenges (Morton et al, 1992). Hence,
when inhaled before exposure to allergens, nedocromil sodium is capable of inhibiting
allergen-induced early and late-phase asthmatic response (Bruijnzeel et al, 1989).
Effectively, nedocromil sodium inhibits the mobilisation of inflammatory cells in the lung.
The actions of nedocromil sodium in the treatment of asthma are complex and
multifactorial. Clinical trials in asthma have revealed that nedocromil sodium is effective
when used routinely, providing improved asthma control and allowing a reduction in
bronchodilator use (Cua-Lim et al, 1986; Fairfax and Allbeson, 1986; Summers et al,
1992).
Currently nedocromil sodium is administered by inhalation using a metered dose inhaler
(MDI) under the brand name of Tilade™. Each actuation provides 2mg of drug, and a
dosage of 4mg twice a day is recommended for initial therapy (British National
Formulary, 1999).
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1.6 Thesis aims

The potential of spray drying for production of powders for dry powder inhalers has yet
to be fully explained. The objective of the present study is to investigate spray drying as
a means of controlling the particle size and morphology of nedocromil sodium and to
assess the effects of different air humidities on the spray dried and milled powders.
Another objective was to investigate the production of spray dried nedocromil sodium
under different drying conditions and its effect on the physicochemical characteristics of
the product. The surface morphology and size of the powders were examined by scanning
electron microscopy (SEM) and laser diffraction (presented in chapter 2).

Further aims of this study were to investigate the physicochemical properties of spray
dried nedocromil sodium and compare it with those of the conventionally milled drug,
after storage at different relative humidities over a period of time. Thermogravimetric
analysis (TGA), and differential scanning calorimetry (DSC) were techniques used to
study the thermal behaviour of the samples. Data are presented in chapter 3. The
interaction of water vapour with milled and spray dried nedocromil sodium by studying
the adsorption and desorption behaviour of both powders at room temperature has been
investigated and is presented in chapter 4. Finally, the in vitro inhalation behaviour of
both powders was evaluated and compared, after placing them in a novel DPI at varying
conditions (presented in chapter 5).
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2.1 General Introduction
2.1.1 General principles o f spray drying
Spray drying is a process whereby a solution, slurry or suspension, which is normally
called the feed, is atomised into a fine spray, mixed with warm air and allowed to
evaporate to a dry particulate powder. This procedure is able to produce fine, dustless
or agglomerated powders to specific requirements (Masters, 1991). The form of particles
produced depends on the substance being dried. Spherical particles with a narrow size
distribution, are produced when the feed in solution or emulsion form is spray dried. The
spherical products which originate from the droplets are often hollow rather than solid.
Due to these characteristics, spray dried powders are usually free flowing.

Spray drying has the advantage of being a simple one-stage process, and due to the rapid
drying of the process, it is particularly suitable for thermolabile materials, such as foods,
pharmaceuticals, enzymes, etc. Important industrial applications of spray drying occurred
in the 1920s in the milk and detergent industries (Masters, 1991). Other formulation
techniques like complexation and microencapsulation can also be performed in one step
by spray drying, which not only simplifies the procedure, but also reduces the processing
time (Broadhead et al, 1992).

Spray drying processes have been widely exploited by many industries including the
pharmaceutical industry. This method is a means by which the physical and chemical
properties of materials such as the product’s bulk density, particle size distribution,
morphology and moisture content, may be altered to improve formulation. Changes
resulting from spray drying can be recorded based on particle properties like particle size
and shape, and on the basis of specific surface area (Corrigan et al, 1983). Powders can
therefore be produced adapted to various drug manufacturing processes. Spray drying
has been shown to alter the polymorphism of a drug (Corrigan et al, 1983; 1984), to
improve the compressibility o f a powder for tablet manufacturing (Fell and Newton, 1971)
and the technique has been used to prepare dry powders for aerosols (Vidgren et al,
1987c; Chawla et al, 1994; Venthoye et al, 1995a). Other applications of spray drying in
the pharmaceutical field are encapsulation for protection from oxidation and for taste
masking (Broadhead et al, 1992).
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2.1.2 Design and operation o f spray dryers
A standard spray dryer consists mainly of an air heater, a nozzle (atomiser), a drying
chamber, a fan, a cyclone and finally a collecting vessel at the base of the drying chamber
to collect the product (Figure 2.1).

The spray drying process entails the following four sequential steps:
(i) Atomisation of the feed into a spray.
(ii) Spray-air contact.
(iii) Drying of the sprayed droplets.
(iv) Separation and collection of the dried product obtained.
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Biichi 190 Mini Spray Dryer (taken from Hill, 1999)
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2.1.2.1 Atomisation
Atomisation is the process whereby the liquid feed is broken up into fine droplets. This
is the fundamental process around which a spray drying operation is based. The main
purpose of atomisation is to generate a feed which has a high surface area to mass ratio,
resulting in high evaporation rates. Spray droplets which are small and of equal size are
ideal for drying. There are different types of atomisation systems, which may be classified
according to the nozzle design. An energy source is required by all atomisers in order to
break up and disintegrate the liquid bulk, creating new surfaces. This energy may be
supplied in the form of centrifugal, pressure, kinetic or sonic energy. The forces involved
in creating a new surface is the minimum energy required by the atomizer during the spray
drying process (eqn 2.1) (Marshall and Seltzer, 1950a).

P = Aa

[Equation 2A ]

where P= power required to create a new surface, m kg min'% A= net average area
created per min, o= surface tension, kg m ‘.

The most commonly used nozzle designs are the rotary nozzles, centrifugal or swirl type
pressure nozzles and pneumatic (two-fluid) nozzles.

With rotary atomisation, the feed is introduced into the drying chamber through a rotating
wheel or disc, which generates a spray of droplets. The shape, size and rotating speed of
the wheel determine the shape and size of the droplets. High atomiser speeds will produce
smaller particles, quicker drying due to the larger surface area, and generally a higher bulk
density (Nonhebel and Moss, 1971). The benefits of using rotary atomisation compared
to other methods, are that liquids of higher viscosity can be handled and the nozzles are
not prone to blocking and erosion.

Pressure atomisation occurs when the feed is introduced into the nozzle, through a swivel
chamber, under pressure. The feed is then caused to swirl or spin and is dispersed into
droplets as it emerges from the nozzle orifice. The design of this nozzle, particularly the
swivel chamber and orifice size can affect the droplet characteristics. Other variables such
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as viscosity and surface tension of the liquid may also affect the droplet characteristics
(Marshall, 1954a). The drawbacks of employing this type of atomiser are that feed rate
can only be changed by adjusting pressure or orifice size. Such nozzles are also prone to
blocking and erosion of the nozzle orifice.

In the two-fluid pneumatic nozzles, the feed and atomising air travel separately to the
nozzle, where they mix. The feed can be mixed either internally, where the feed and air
are combined within the nozzle, or externally, where the air is mixed within the feed as it
emerges from the nozzle. High velocities are produced within the nozzles, causing the
feed to break up into a spray of droplets. This atomisation system is more suitable for
producing very fine sprays than the other two types described above (Manning and
Gauvin, 1960; Gretzinger and Marshall, 1961). Liquid viscosity, surface tension of the
feed solution and atomising fluid pressure are the main variables which can affect the
droplet size and distribution. This type of nozzle is prone to blocking and erosion. An
example of a two-fluid spray dryer is the Mini Biichi 190 Spray Dryer (Büchi Laboratory
- Techniques Ltd., CH-9230, Flawil, Switzerland). This model of spray dryer was
employed in this project, (Figure 2.1).

The nozzle atomiser is not very adaptable in operation and is not recommended if a range
of products is to be dried. However, they are preferred to rotating discs because in some
cases they can produce dry material of larger particle size.

Non uniform feed

concentration, clogging of the nozzle or crust formation, are all factors that can contribute
to non-uniformity in atomiser performance, which subsequently induces fluctuations in the
outlet temperature and bulk density (Marshall and Seltzer, 1950b).

2.1.2.2 Spray-air contact
The stage after atomisation is the intimate mixing of the atomised feed with the drying air.
The mixing may occur in a co-current manner where the spray and the drying air pass
through the drying chamber in the same direction. Alternatively, some spray dryers are
designed to mix the feed and air in a counter-current manner, where the feed material and
drying air pass in opposite directions. The spray may be aimed vertically down or up,
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horizontally, or positioned at an angle to the vertical (Marshall and Seltzer, 1950a).
Hence, depending on the design of the spray-dryer apparatus, it is possible to achieve co
current, counter-current or mixed flow. Mixed flow chambers incorporate both co
current and counter current conditions during the drying process. A suitable design is
selected depending on the required final product’s particle size, form and heat tolerance,
as the spray-air contact can influence the dried product properties. Fine sprays are
influenced more by the surrounding airflow than coarse dense sprays, thus affecting the
residence time of the particle in the drying chamber. In the case of the Büchi mini spray
dryer used in this study, co-current flow is employed, where the atomiser and the air
disperser are situated in the roof o f the drying chamber.

2.1.2.3 Drying
Drying is basically the evaporation of the free solvent from the feed to the surrounding air.
The drying stage occurs in spray dryers by a simultaneous mass and heat transfer between
the spray and surrounding gas. This performance is driven by the difference in water
vapour pressure between the free solvent at the surface of the droplet and that of the
surrounding air.

The evaporation process takes place in several stages (Figure 2.2). It begins from the
saturated vapour film at the surface of the droplet as soon as the spray contacts the drying
air. The temperature at the droplet surface increases until equilibrium is achieved between
the droplet surface and the air (A to B). The next stage is one of constant evaporation,
where moisture from within the droplet diffuses to the exterior, maintaining saturated
surface conditions (B to C). Most of the solvent is removed in this stage. When the
moisture from the droplet core is no longer sufficient to maintain saturation at the surface,
then the critical point (C) is reached and a solid phase forms at the droplet surface. The
evaporation rate becomes dependent on the rate of moisture diffusion through the ever
increasing thickness of the dried crust (C to D). The evaporation rate decreases further
and this is thus termed the falling rate period or second period of drying (Masters, 1991).
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Graph representing the relationship between drying rate and moisture content
(Taken from Masters, 1991).

The particle shape obtained, and hence the dried-powder characteristics are governed by
the drying rate. Sometimes the spherical particles produced remain as such, shrink and
become more dense, while others may expand or collapse, fracture or disintegrate,
depending on whether the dried material is porous, rigid, plastic or brittle (Figure 2.3).
It is more common to produce a hollow particle than a solid sphere (Charlesworth and
Marshall, 1960).
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Different particle shapes obtained by spray drying.
(Taken from Masters, 1991).

2.1.2.4 Product separation and recovery
The final stage in the spray drying process involves the separation of the solid product
from the air stream. The product can be recovered using cyclones, bag filters, scrubbers
or electrostatic precipitators. In the case of the Mini Büchi spray dryer, the product is
separated by means of a cyclone separator, through which the air and product pass after
exiting the drying chamber. Collection of the product is then achieved at the base of the
drying chamber, in a collecting vessel. However, separation by this method is not 100%
efficient and some fines may be lost to the outside atmosphere through the exhaust air.
Where product separation is carried out in two stages, the fines can be collected by a
secondary filter system.
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2.1.2.5 Spray dryer designs
Several different spray dryer designs are available. Spray dryers are usually designed as
an open cycle system by which the drying gas (usually air) is expelled after use. Closed
cycle spray dryers are also available for powders which are prone to oxidation or are
explosive, where organic solvents can be employed as the feed medium, as opposed to an
aqueous solvent. With such a system, the drying air is substituted by an inert gas (usually
nitrogen), which is continuously recirculated. Aseptic spray dryers can also be designed
to produce a sterile powder, by filtration of both the feed and the atomisation air. Spray
dryers can be designed with fluid beds included into the base of the drying chamber to
produce large agglomerated powders more economically than other spray dryers
(Broadhead et al, 1992).

The size and shape of the drying chamber are other factors in the design of the spray dryer
that must be considered. The nature of the product will be different depending on the size
of the chamber, due to how dry the particles are before they contact the chamber walls.
Therefore, in a small dryer, the spray must be very fine to allow the particles to dry
sufficiently (Nonhebel and Moss, 1971).

2.1.2.6 Operating variables
The process operating variables of spray drying include; atomisation pressure, feed
concentration, feed rate, air inlet and outlet temperatures. The properties of the spray
dried powder, e.g. appearance, bulk density, particle size and size distribution, may be
affected by these variables, together with the design of the nozzle and drying chamber.
Therefore, to ensure that optimal production efficiency and product physical properties
are obtained, these factors have to be considered. For instance, increasing the energy
required for atomisation (i.e. rotary atomiser speed or nozzle pressure) will decrease
particle size by creating smaller droplets. Also, the more concentrated the feed, the larger
will be the particle size. An increased feed rate would again increase the particle size
(Masters, 1991). Increasing the feed rate at constant operating conditions creates coarse
spray particles and a wet product, due to inadequate drying.
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The drying temperature can also influence the final particle size. Early work performed
on spray drying has shown that increasing air temperature will increase the particle size
of certain materials (Duffie and Marshall, 1953). At a higher temperature, the drying
process occurs more quickly, hence there is greater swelling and reduction in particle wall
thickness. It has been reported that spray drying at high inlet air temperature (the
temperature at which the feed solution enters the dryer) is associated with lower bulk
densities (Marshall, 1954b; Masters, 1991). This is associated with the rapid drying
causing “balloon formation” and hardening of the particle surface, which subsequently
leads to expansion of trapped moisture. Normally, smaller particles will be more dense
hence having a higher bulk density. The hollow nature of the spray dried product, also
influences its bulk density. The more hollow the particle, the lower the bulk density will
be for the same particle size.

The outlet temperature can be altered by changing the feed rate at constant air rate and
constant inlet air temperature. This usually changes the dryness of the product. A high
outlet temperature will result in the final product having a lower moisture content, whilst
a low outlet temperature may result in the product being too wet. Feed rate, droplet size,
concentration and temperature are the primary factors which determine final moisture
content.

Due to potential degradation of heat sensitive materials together with the waste of heat,
a high outlet temperature is not advisable. Automation of the feed rate in order to
maintain the outlet temperature at a constant value may be a clever way of generating a
uniform product. Alternatively, the feed rate could be kept uniform and the air-inlet
temperature altered instead (Nonhebel and Moss, 1971). Generally, a fundamental
operational variable is found to affect a factor which subsequently alters another.
Therefore, a successful spray drying procedure for a desired product is based on
experiment and past experience.
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2.1.3 Advantages and disadvantages o f spray drying
2.1.3.1 Advantages
The main advantages of spray drying may be summarised as follows:
(1) The process allows production of powders with specific properties, e.g., particle size
and moisture content, by varying the operating conditions.
(2) It may improve the flow properties of pharmaceutical powders.
(3) Spray dryer operation is relatively simple, easy and continuous; it is also adaptable to
full automation.
(4) The feed material can be in the form of a solution, suspension, emulsion or pumpable
paste.
(5) The dryers operate in such a manner as to allow drying of heat-sensitive materials,
such as foods and pharmaceuticals, which otherwise would involve high vacuum, low
temperature drying (Marshall and Seltzer, 1950a). The various designs of spray dryers
available, enable specific product specifications to be met.
(6) Spray drying may be used for encapsulation: for taste masking, protection of a sample
from oxidation, volatile, toxic, corrosive and abrasive feeds.

2.1.3.2 Disadvantages
Disadvantages are inevitable with such a process and some of the main ones are:
(1) The high cost of the equipment per unit weight of the product, is the main
disadvantage of spray drying.
(2) A large amount of space is required for the spray dryer equipment.
(3) Being a convection dryer, spray dryers have low thermal efficiencies due to restricted
air inlet temperatures and fairly high outlet air temperatures, and are associated with low
product yields.
(4) The expense of removing large amounts of low-grade waste heat produced from
drying air exhausted from spray dryers.
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2.1.4 Applications of spray drying in production of powders for dry
powder inhaler formulation
The method of spray drying, for application in inhalation aerosols, has been researched
extensively by Vidgren et al, ( 1987b; 1987c; 1988a; 1988d; 1989), using the drug sodium
cromoglycate. On the basis of its physical properties, spray dried disodium cromoglycate
would seem suitable for inhalation therapy.

Amorphous, spherical particles were

produced in the size range of 1 to 5 pm, during the spray drying process. In vivo
deposition studies have shown that spray dried disodium cromoglycate is effectively
deposited in the human respiratory tract (Vidgren et al, 1987b). Spray drying has also
been employed as a co-precipitation technique, where disodium cromoglycate particles
were labelled with a radioactive material, in studies comparing MDI and DPI devices
(Vidgren et al, 1988a), and in studies comparing powder inhaler designs (Vidgren et al,
1988b).

Work at the School of Pharmacy has shown that spray drying salbutamol sulphate from
aqueous solutions produces spherical particles of “respirable size” (Chawla et al, 1994,
Venthoye et al, 1995a). The important factors for controlling particle size and moisture
content were found to be the feed solution temperature and the location of the yield.
Spray drying did not alter the potency of the salbutamol sulphate, nor change it chemically
(Chawla et al, 1994). Aerosol deposition studies were performed with the Rotahaler™
(GlaxoWellcome) using the Andersen cascade impactor, multistage liquid impinger and
twin impinger. In drug only formulations, micronised and spray dried salbutamol sulphate
performed similarly (Venthoye et al, 1995a), whilst when mixed with lactose, spray dried
and micronised drug exhibited similar device retentions, whilst the fine particle dose was
slightly higher for formulations containing micronised material (Venthoye et al, 1995b).
Due to the spherical particle shape and narrow particle size distribution of powders after
being spray dried, this process is considered to be promising with inhalation dosage forms.
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2.1.5 Particle morphology and size measurement
The production of homogeneously mixed powders is easily achieved in the absence of
electrostatic effects, if the individual components are of equivalent particle size. The
particle size distribution of powdered material not only affects the bioavailability of certain
drugs; it has a major effect on powder flowability. Pharmaceutical dosage forms must be
produced having uniform drug content, and this uniformity of content is possible only
when the particle size of the active ingredient is carefully controlled (Brittain et al, 1991).
It is therefore important to characterise powdered material according to particle size,
especially in inhalation therapy. The accepted desirable particle size for inhaled drug
particles is usually taken as between approximately 0.5 and 7 pm (Davies et al., 1976).

Many techniques have been developed over the years for measuring particle size
distributions. Until quite recently, relatively simple but labour intensive methods have
been employed including sedimentation, sieve analysis and optical microscopy (Blackford
et al, 1987).

Other established methods include coulter counter analysis, photon

correlation spectroscopy (PCS), light microscopy (image analysis) and Mie theory
diffraction. Laser Fraunhofer diffraction measurements and scanning electron microscopy
(SEM) are more modem techniques used to assess particle size and shape. These two
techniques were employed in this study and are discussed in more detail below.

2.1.5.1 Scanning Electron Microscopy
Microscopy is a quick method of providing preliminary estimates regarding average
particle sizes. Scanning electron microscopy (SEM) examination of powders provides a
three-dimensional deep-freld picture of the outer appearance of the microcrystals making
up a solid at very high magnifications (Brittain et al, 1991). SEM works by a focused
electron beam scanning the surface of the solid, and the intensity of secondary electrons
monitored. The production of these secondary electrons on the surface determines the
strength of the SEM image at each point on the surface of the sample. The disadvantage
of SEM is the possible damage of the stmctures due to the electron beam (Barth et al,
1993).
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2.1.5.2 Laser diffraction
Laser Fraunhofer diffraction is a method used for determining mean particle size and
particle size distribution of powdered solids. The laser diffractometer (Malvern Particle
Sizer 2600c, Malvern Instruments Ltd., Malvern, UK, Figure 2.4), employed in these
studies, operates on the principle of Fraunhofer diffraction of a low power helium-neon
laser beam (Malvern Instruments, 1987). This laser source is used to form a collimated
and monochromatic beam of light, typically 1 cm in diameter, and allowed to pass through
a cell containing the sample particles which are suspended in a suitable medium. As the
laser beam strikes a particle it creates an angle of diffraction which is inversely
proportional to the radius of the particle.

R e c e i v e r U ni t
T r a n s m i t t e r U n it

A n aly ser B eam

Range Lens

B eam E x p a n d er
O p tic al B ed

Figure 2.4

Components and controls of the Malvern particle sizer 2600c (Malvern
Instruments user manual).

A Fourier transform lens (or receiver lens), focuses the diffracted and transmitted light
onto a series of 31 concentric photo detector rings. A photodiode used to align the laser
beam is encased in a hole in the centre of the detector. Fraunhofer theory states that,
particles scatter light through angles that depend on their size (Barth, 1984; Brittain,
1995). Small partieles will scatter the laser beam through a large angle and this light is
detected on the outer rings of the detector, whereas larger particles scatter light through
a smaller angle which is detected on the inner rings of the detector. Figure 2.5. The focal
length of the lens used, determines the magnitude of the particle size ranges. Data are
obtained by making many measurements of the detector readings (sweeps) and averaging
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in order to obtain an average light scattering characteristic based on millions of individual
particles. The detector consequently produces an electronic output signal proportional
to the extent of light energy received. Data are usually displayed as a volume distribution,
with the percentages present in each size band (Chu, 1974).

Oet«ctor m e a t u r a *
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s c a t t e r at low a n g l e s
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s c a t t e r at higti angl es

Figure 2.5

De tec tor

Illustration of the scattered light from particles in the Malvern
particle sizer (Malvern Instruments user manual).

2.2 Materials and Methods
2.2.1 Materials
Milled nedocromil sodium
Batch no. 3746E
(Rhône-Poulenc Rorer Ltd., Cheshire, UK.)
Deionised water
(Whatman still, WP 700, Whatman Labsales, UK.)
Sorbitan trioleate (Span 85)
Lot no. 23H0642
(Sigma® Chemical Company, USA.)
Chloroform (AnalaR®)
Lot no. K21290541 449
(BDH Laboratory supplies, Poole, UK.)
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Silica gel
Lot no. K26344014
(BDH Laboratory supplies, Poole, UK.)
Lithium chloride
Lot no. B971316 712
(BDH Laboratory supplies, Poole, UK.)
Potassium acetate
Lot no. K24341717 743
(BDH Laboratory supplies, Poole, UK.)
Magnesium chloride
Lot no. 1229230
(BDH Laboratory supplies, Poole, UK.)
Potassium carbonate
Lot no. 67H1256
(Sigma® Chemical Company, USA.)
Sodium bisulphate
Lot no. L I83092 509
(BDH Laboratory supplies, Poole, UK.)
Sodium chloride
Lot no. 4722840G
(BDH Laboratory supplies, Poole, UK.)
Phosphorus pentoxide
(BDH Laboratory supplies, Poole, UK.)
Potassium chloride
Batch no. 9740170 227
(Fisher Scientific, UK.)
Potassium sulphate
Lot no. A924382 637
(BDH Laboratory supplies, Poole, UK.)
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2.2.2 Methods
The milled material was kept in a desiccator containing silica gel during the test period to
prevent uptake of moisture by the drug.

2.2.2.1 Preparation of spray dried nedocromil sodium
Preliminary investigations were carried out in order to determine the effect of inlet
temperature and feed concentration on the particle size distribution and yield of the spray
dried product. Solutions of nedocromil sodium were prepared in deionised water at
concentrations of 5% and 10% w/v. The solutions were spray dried using the Biichi mini
spray dryer type 190, (Biichi Laboratory - Techniques Ltd., Flawil, Switzerland), with a
0.7 mm pneumatic nozzle, under the different conditions outlined in table 2.1.

Spray drying conditions

Settings

Feed concentration (%w/v)

5

5

10

10

Aspirator level

18

18

18

18

Pump flow rate (ml/min)

3

9

3

7

Compressed air flow rate (NL/h)

600

600

600

600

Inlet temperature (°C)

150

200

150

200

95-100

95-100

95-100

95-100

Outlet temperature (®C)

Table 2.1 - Spray drying parameters investigatedfor nedocromil sodium.

The aspirator setting alters the velocity of the atomising air which provides the energy for
atomisation of the feed material, and subsequently affects the diameter of the droplets
produced. Increasing the energy for atomisation will decrease the diameter of the droplets
produced.

The material collected in a) the collection vessel and from b) the base of the cyclone
separator, was placed in a desiccator containing silica gel, immediately after drying, to
prevent uptake of moisture by the nedocromil sodium. The percentage yield was
calculated using the weight o f the material collected from both sites. The surface
morphology of the milled and spray dried powders were determined using Scanning
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Electron Microscopy (section 2.2.22A), and the particle sizes of the powders were
measured using laser diffraction analysis (section 2.2.2.2.2).

These preliminary experiments showed that the best results in terms of product yield and
spherical shape were achieved with 10% w/v feed concentration and 200°C inlet
temperature. Hence, these were the conditions chosen to produce spray dried material
for further investigations in this study.

2.2.2.2 Particle morphology and size measurement
2.2.2.2.1 Scanning electron microscopy (SEM)
The surface morphology of the milled and spray-dried powders were investigated using
scanning electron microscopy (SEM), Phillips XL20, (Phillips Analytical, Cambridge, UK)
at an accelerating voltage of between 10 and 15 kV. Prior to examination, samples were
coated with a thin layer of gold by using a sputter coater (Emitech K550) to render them
electrically conductive, after the powder had been mounted on double sided adhesive tape
on aluminium stubs.

2.2.2.2.2 Laser diffraction
The mean size and span (90% undersize-10% undersize / 50% undersize) of the milled
and spray dried powders were measured using a laser diffractometer (Malvern Particle
Sizer 2600c, Malvern Instruments Ltd., Malvern, UK), with a lens size of 63mm. The
instrument’s software expresses particle size as the volume median diameter (VMD), i.e.
the equivalent sphere diameter above and below which 50% of the volume of particles
lies. To prepare the sample for laser diffraction analysis, the particles were suspended in
chloroform. A few drops of the surfactant, sorbitan trioleate were added to prevent the
particles from aggregating. The suspension was then sonicated in a sonicator bath for 10
minutes.
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2 2.23 Physical stability of nedocromil sodium in different humidities
The milled and spray dried samples were stored at different relative humidities for a period
of 3 months. The powders were placed in petri dishes and exposed to varied relative
humidities (0 ,4,11,23,35,44,59,76, 85 and 98%RH). These relative humidities were
obtained in desiccators containing saturated salt solutions and silica gel. The various salts
used for humidity control, (Nyqvist, 1983), are listed in table 2.2.

Saturated salt
solutions

% Relative humidity

Phosphorus pentoxide

0

Silica gel

4

Lithium chloride

11

Potassium acetate

23

Magnesium chloride

35

Potassium carbonate

44

Sodium bisulphate

59

Sodium chloride

76

Potassium chloride

85

Potassium sulphate

98

Table 2.2- Desiccator equilibrium relative humidities

The desiccators were stored in a room maintained at 20°C for the test period and samples
were taken at time intervals of 2 weeks, 1 month and 3 months for measurements. The
relative humidities of the desiccators used were determined by using a Rotronic
Hydroscope (Rotronic AG, Zurich) capable of detecting 0 to 100 (±0.5 to 2) %RH.
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2.3 Results and Discussion
2.3.1 Preliminary investigations on spray drying conditions
Feed concentration and inlet temperature are important operational parameters of the
spray drying procedure which can influence the properties of the dried product. These
two parameters were investigated at a constant outlet temperature. The particle size data
from laser diffraction analysis of three independent samples are shown in table 2.3. The
yield of the spray drying process was calculated from the weight of the dried product
collected from the collection vessel and cyclone separator, as a percentage of the initial
quantity used in the feed solution (Table 2.3).

Drying conditions
Feed cone.; Inlet temp.
5%; 150T
5%; 200T
10%; 150°C
10%; 200T
n = 3 ± sd
Table 2.3

Volume median
diameter (pm)

Span

% Yield
(n=l)

5.38 (± 0.07)
5.19 (±0.08)
5.09 (±0.13)
3.19 (±0.02)

1.19 (±0.01)
1.56 (±0.02)
1.39 (±0.02)
1.22 (±0.02)

64.0
29.9
68.9
74.5

Results o f the particle size analysis fo r nedocromil sodium spray dried under
different conditions.

A temperature increase from 150°C to 200°C in the spray drying process had an effect in
reducing the size of particles. The median particle size decreased from 5.38 pm to 5.19
pm, at a feed concentration of 5%. Similarly, at a feed concentration of 10%, a
temperature increase from 150°C to 200®C reduced the median particle size from 5.09 pm
to 3.19 pm. A t-test analysis of the results showed a significant (p<0.05) reduction in
particle size in both cases, when the inlet temperature was increased. This trend would
be expected as drying at a higher temperature would increase shrinkage of the atomised
droplet and hence decrease its particle size.
The particles spray dried at an inlet temperature of 150°C, with a feed concentration of
5% displayed the highest median particle size. The median particle size decreased from
a maximal 5.38 pm to 3.19 pm when the particles were spray dried at a temperature of
200°C and a feed concentration of 10%. A t-test analysis of the results showed statistical
differences (p<0.05) for changing the feed concentration from 5% to 10%, at constant
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temperature. Although the values for the median particle size were not dramatically
different, there was a significant decrease (p<0.05) in size when the drying temperature
was increased at a constant feed concentration. This study shows that the particle size is
affected by changing these two main operating variables of the spray dryer. It would be
expected that the more concentrated the feed solution is, the more material is present in
each droplet, which would result in a larger particle size. However, the trend of a higher
particle size being produced with a more concentrated feed (Duffie and Marshall, 1953),
did not apply in this circumstance. It must be pointed out that such generalisations must
be expressed with caution, as the factors of these operating variables are greatly
influenced by the properties of the material being dried. Besides, conclusions have been
deduced on a limited combination of factors. There may be two possible explanations for
the outcome of this investigation. Firstly, a solution preparation of the drug will increase
in viscosity with an increase in concentration of the drug material. Spray drying such a
solution, usually results in powders with low bulk densities and hence a smaller droplet
size (Marshall and Seltzer, 1950b). Secondly, spray drying a less concentrated feed
solution may result in a wet product due to insufficient evaporation and hence a larger
droplet size. A factorial experiment was designed (Chawla et al, 1994), to study the joint
effects of different factors on the spray drying of salbutamol sulphate. As in this study,
it was found that one factor cannot solely regulate the particle size of the dried product,
rather it has to be a combination of variables.
The percentage yield obtained was greater for the more concentrated feed solution (10%
w/v). The 5% w/v feed solution yielded less product as the inlet temperature was
increased. However, the 10% w/v feed solution showed a slight increase in yield when
inlet temperature was increased. These preliminary experiments showed no clear trends,
as in most instances, the particle size varied only slightly with changes in spray drying
conditions. However, as a result of this investigation, a feed concentration of 10% w/v
and an inlet temperature of 200°C, at a constant outlet temperature were chosen as
optimum spray drying conditions. These conditions produced powder with a mean
particle size of <5 pm and a good yield.
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2.3.2 Particle characterisation using laser diffraction and SEM
The particle size data from laser diffraction analysis of milled and spray dried nedocromil
sodium is shown in table 2.4. Spray drying produced particles with a significantly (p <
0.05) smaller VMD and span than milled nedocromil sodium provided by Rhône-Poulenc
Rorer Ltd. The span values indicate that the powders have a narrow size distribution and
the 90% undersize data shows that a greater proportion of particles are within the
“respirable” size range.

Nedocromil
sodium

Volume median
diameter (pm)

90% undersize
(pm)

Span

Milled

4.86 (±0.01)

8.33 (±0.06)

1.29 (±0.01)

Spray dried

3.19 (±0.02)

5.49 (±0.07)

1.22 (±0.02)

n=3 ± sd

Table 2.4

Particle size o f milled and spray dried nedocromil sodium.

The scanning electron microphotographs of the milled and spray dried particles are shown
in figure 2.6a & 2.6b and 2.7a & 2.7b respectively. SEM photographs indicated that the
milled powder was crystalline with agglomerated particles of approximately 5 pm mean
size, (Figures 2.6a and 2.6b). The size of individual particles in the milled sample was
difficult to determine due to the fact that the particles did not appear individually on the
micrograph. The milling process typically produces fairly irregular small particles with a
wide size distribution, as larger particles are forced to fragment, (Vidgren et al, 1989).
The mean volume median diameter of these aggregates as determined by laser diffraction
analysis was found to be 4.86 pm (Table 2.4).

Spray dried nedocromil sodium had a different physical appearance from that of the
starting material. The powder was apparently more amorphous, with discrete spherical
particles, occasionally with pitted or dimpled surfaces of mean size less than 5 pm,
(Figures 2.7a and 2.7b). The particle shape obtained is governed by the drying rate
(section 2.1.2.3), which will cause the spherical particles to remain as such or collapse,
producing the donut shaped particles seen here. The mean volume median diameter as
determined by laser diffraction analysis was found to be 3.19 pm (Table 2.4).
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Figure 2.6a - Scanning electron micrograph of
milled nedocromil sodium (I SOOOx).

Figure 2.6h - Scanning electron micrograph of
milled nedocromil sodium (SOOOx).

Figure 2.7a - Scanning electron micrograph of
spray dried nedocromil sodium (2000x)

Figure 2.7h - Scanning electron micrograph of
spray dried nedocromil sodium (I SOOOx)
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These studies have shown that the spray dried particles were of an appropriate size to be
potentially effective in inhalation therapy, as detailed research in this field have shown that
the particle size is of vital importance for the delivery of aerosols to particular lung
regions. These results are in keeping with previous studies (Vidgren et al, 1987c; Chawla,
1993; Venthoye, 1997), where small particles of “respirable” dimension were produced
from other drug materials by spray drying. Vidgren et al. (1987c) investigated the
physical and inhalation properties of spray dried sodium cromoglycate in comparison to
the micronised drug. Spray dried sodium cromoglycate were found to be smaller than the
micronised drug, mainly in the range 1 to 5 pm. Spray drying of salbutamol sulphate
produced spherical, amorphous particles less than 5 pm in diameter (Chawla, 1993;
Venthoye, 1997).
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2.3.3 Physical stability of nedocromil sodium in different humidities

The most likely contaminant of powders during storage is the moisture originating from
atmospheric moisture vapour (Kulvanich and Stewart, 1988). The effect of different
relative humidity conditions during storage on the appearance and size of the milled and
spray dried drug was investigated.

Milled nedocromil sodium
After storage for 2 weeks at different relative humidities below 59% RH, SEMs for the
milled drug still resembled that in figures 2.6a and 2.6b, indicating no physical change.
However, at 59% RH, the powder began to show signs of physical change. As can be
observed in figures 2.8a and 2.8b, the edges of the particles appear to be rounded, losing
their angular shape. At 76%RH (Figures 2.9a and 2.9b), the particles start merging into
one another and after storage at 85%RH (Figures 2.10a and 2.10b), the particles fuse to
each other by solid bridges to form agglomerates, having no distinct shape. At 98%RH,
the milled sample visibly began to deliquesce and SEM revealed ftirther morphological
changes to the particles with a somewhat ‘flaky’ appearance (Figures 2.1 la and 2.1 lb).
Storage of the milled particles at 0 to 85% RH over 3 months did not show any further
change after examining the SEMs. However, those stored at 98%RH, changed even more
in morphology after 1 month (Figures 2.12a and 2.12b). It can be observed from figures
2.12a and 2.12b that the ‘flaky’ appearance had transformed into a smoother network of
agglomerates of approximately 20 pm. These morphological changes are reflected in the
increasing VMD with time (Table 2.5). After storage for 3 months, the milled particles
stored at 98% RH, showed no further change in appearance, although there was an
increase in VMD (Table 2.5).
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Figure 2.8a - Scanning electron micrograph of
milled nedocromil sodium after storage at 59%
RH for 2 weeks (SOOOx).

Figure 2.8b - Scanning electron micrograph of
milled nedocromil sodium after storage at 59%
RHfor 2 weeks (I SOOOx).

Figure 2.9a - Scanning electron micrograph of
milled nedocromil sodium after storage at 76%
RHfor 2 weeks (SOOOx).

Figure 2.9b - Scanning electron micrograph of
milled nedocromil sodium after storage at 76%
RH for 2 weeks (I SOOOx).

Figure 2.10a - Scanning electron micrograph of
milled nedocromil sodium after storage at 85% RH
for 2 weeks (SOOx).

Figure 2.10b - Scanning electron micrograph of
milled nedocromil sodium after storage at 85% RH
for 2 weeks (2000x).

74

Spray Drying

Chapter 2

Figure 2.11a- Scanning electron micrograph of
milled nedocromil sodium after storage at 98%
RHfor 2 weeks (2000x).
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Figure 2.11b- Scanning electron micrograph of
milled nedocromil sodium after storage at 98%
RH for 2 weeks (SOOOx).
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Figure 2.12a - Scanning electron micrograph of
milled nedocromil sodium after storage at 98Vo
RHfor 1 month (2000x).

Figure 2.12h - Scanning electron micrograph of
milled nedocromil sodium after storage at 98%
RH for 1 month (SOOOx).

Spray dried nedocromil sodium
After storage for 2 weeks at different relative humidities below 44% RH, SEMs for the
spray dried drug still resembled that shown in figures 2.7a and 2.7b, suggesting no visible
physical change. However, the powder began showing signs of degradation at 44%RH.
As can be observed in figures 2.13a and 2.13b, following 2 weeks of storage at 44% RH,
the surface of the particles appear roughened, although the discrete shapes of the particles
are maintained.
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Figure 2.13a - Scanning electron micrograph o f
spray dried nedocromil sodium after storage at
44% RHfor 2 weeks (2000x).

Figure 2.13h - Scanning electron micrograph of
spray dried nedocromil sodium after storage at
44% RHfor 2 weeks (ISOOOx).

On Storage at 59% and 76%RH, the spray dried particles appeared to fuse to each other
by solid bridges to form agglomerates with roughened surfaces, (Figures 2.14a & 2.14b
and 2.15a & 2.15b respectively). The formation of agglomerates was also reflected in the
increased particle sizes observed at higher humidities, (Table 2.6). In terms of dry powder
aerosols, this formation of agglomerates at 59% RH, marks the point at which the
integrity of the primary particle is lost due to irreversible fusion of adjacent particles. At
85%RH, the particle structure changed even further, showing no signs of the discrete
spherical particles produced on spray drying, (Figures 2.16a and 2.16b). At 98%RH, the
spray dried sample visibly began to deliquesce. SEM revealed that the spray dried
(amorphous) material exhibited structural change, transforming into well defined
crystalline particles, (Figures 2.17a and 2.17b). This demonstrates that the amorphous
material could recrystallise when exposed to an atmosphere containing large amounts of
water. Similar observations were made with spray dried sodium cromoglycate at high
humidities (Vidgren et al, 1989). After storage for 3 months, the spray dried particles
stored at all humidities up to and including 85% RH, showed no further change in
appearance. However, those stored at 98%RH (Figures 2.18a and 2.18b) had changed
even more in morphology after 1 month, as in the case of the milled sample.

The particle size data from laser diffraction analysis for the milled and spray dried
powders after storage over 3 months are shown in table 2.5 and table 2.6 respectively.
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Figure 2.14a - Scanning electron micrograph of
spray dried nedocromil sodium after storage at
59% RHfor 2 weeks (2000x).

Figure 2.14h - Scanning electron micrograph
of spray dried nedocromil sodium after storage
at 59% RHfor 2 weeks (5000x).

Figure 2.15a- Scanning electron micrograph of
spray dried nedocromil sodium after storage at
76% RHfor 2 weeks (2000x).

Figure 2.15b - Scanning electron micrograph of
spray dried nedocromil sodium after storage at
76% RHfor 2 weeks (5000x).
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3 months

1 month

2 weeks
%RH

vmd (fim)

span

vmd (pm)

span

vmd (pm)

span

0

3.14(0.01)

1.52(0.01)

3.62(0.02)

1.28(0.02)

4.70(0.06)

1.24(0.02)

4

5.96(0.02)

1.35(0.01)

6.87(0.08)

1.43(0.01)

6.21(0.02)

1.33(0.01)

11

6.39(0.00)

1.38(0.01)

5.88(0.06)

1.35(0.03)

6.32(0.02)

1.34(0.01)

23

7.14(0.02)

1.33(0.01)

6.09(0.05)

1.31(0.02)

7.11(0.08)

1.44(0.01)

35

6.36(0.01)

1.30(0.03)

6.52(0.03)

1.32(0.01)

8.52(0.10)

1.75(0.03)

44

6.76(0.02)

1.32(0.02)

6.67(0.03)

1.35(0.01)

7.71(0.02)

1.48(0.01)

59

7.27(0.02)

1.50(0.01)

8.22(0.06)

1.51(0.01)

8.71(0.06)

1.56(0.03)

76

7.36(0.03)

1.55(0.02)

7.93(0.21)

1.56(0.03)

9.46(0.06)

1.52(0.01)

85

13.94(0.14)

1.44(0.02)

15.24(0.01)

1.38(0.01)

12.76(0.05)

1.28(0.01)

98

18.81(0.31)

1.49(0.05)

18.89(0.10)

1.52(0.02)

22.67(0.11)

1.42(0.01)

n = 3 ± sd

Table 2.5 - Particle size and size distribution of milled nedocromil sodium

1 month

2 weeks

3 months

%RH

vmd (pm)

span

vmd (pm)

span

vmd (pm)

span

0

3.19(0.03)

1.21(0.05)

3.18(0.01)

1.21(0.02)

3.23(0.03)

1.13(0.01)

4

5.97(0.03)

1.31(0.01)

3.40(0.02)

1.02(0.01)

3.31(0.02)

1.07(0.02)

11

3.25(0.02)

1.22(0.01)

3.20(0.01)

1.20(0.00)

3.47(0.01)

1.01(0.01)

23

2.55(0.29)

1.99(0.44)

3.70(0.01)

1.01(0.02)

3.96(0.04)

1.04(0.01)

35

3.58(0.05)

1.12(0.03)

3.84(0.01)

1.00(0.01)

4.37(0.03)

0.97(0.02)

44

6.01(0.01)

1.09(0.01)

7.79(0.01)

1.24(0.01)

8.89(0.05)

1.36(0.03)

59

7.55(0.07)

2.03(0.03)

7.93(0.10)

2.21(0.01)

10.55(0.31)

2.04(0.02)

76

7.95(0.01)

2.09(0.00)

9.50(0.16)

2.47(0.06)

10.24(0.20)

2.32(0.04)

85

13.92(0.12)

2.09(0.01)

10.98(0.09)

1.99(0.02)

10.19(0.26)

2.15(0.03)

98

14.27(0.17)

1.92(0.06)

16.51(0.40)

1.72(0.06)

26.88(0.51)

2.94(0.06)

n = 3 ± sd

Table 2.6- Particle size and size distribution o f spray dried nedocromil sodium
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Figure 2.16a - Scanning electron micrograph of
spray dried nedocromil sodium after storage at 85 %
RHfor 2 weeks (lOOOx).

Figure 2.16b - Scanning electron micrograph of
spray dried nedocromil sodium after storage at 85%
RHfor 2 weeks (2000x).

Figure 2.17a - Scanning electron micrograph of
spray dried nedocromil sodium after storage at 98%
RHfor 2 weeks (2000x).

Figure 2.17b - Scanning electron micrograph of
spray dried nedocromil sodium after storage at 98%
RHfor 2 weeks (SOOOx).
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Figure 2.18a - Scanning electron micrograph of
spray dried nedocromil sodium after storage at 98%
RHfor I month (2000x).
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Figure 2.18b - Scanning electron micrograph of
spray dried nedocromil sodium after storage at 98%
RHfor I month (SOOOx).
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The relationship between the volume median diameter and relative humidity at which the
powders were stored is shown in figure 2.19 and 2.20 for the milled and spray dried
powder respectively. Although SEM portrayed that the particles appeared not to have
changed further after storage for 3 months, these laser diffi*action analysis results indicated
that for both powders, the particle size generally increased after storage for 3 months.
The increase of the volume median diameter with increasing relative humidity can be
explained by the high hygroscopicity of the powder which causes the particles to absorb
moisture at higher relative humidities and swell up.

The volume median diameter of the spray dried powder stored up to 11% RH showed
very little change after 1 month’s storage. After studying the general trend, the VMD
value obtained at 4% RH after 2 weeks of storage appeared to be an anomaly. After
storage at humidities higher than 44%, the mean particle sizes obtained were outside the
range of 0.5 - 7.0 pm, which are the accepted optimum size range for locally acting
inhaled drug particles, (Broadhead et al, 1992).
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Figure 2.19

Effect of relative humidity during storage on the volume median diameter of
milled nedocromil sodium.
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Figure 2.20

Effect of relative humidity during storage on the volume median diameter of
spray dried nedocromil sodium.

81

Chapter 2________________________________________________________________Spray Dryins

2.4 Conclusions
Optimal spray drying conditions were ascertained in order to successfully spray dry
nedocromil sodium. Preliminary experiments showed that the best results in terms of
product shape, size and yield were achieved with 10% w/v feed concentration and 200°C
inlet temperature. Spray drying produced discrete spherical particles with a volume
median diameter of 3.19 pm, which is in the size range ideal for inhalation. These were
found to be significantly (p < 0.05) smaller and of a narrower size distribution than the
milled particles.

Relative humidity and storage time had a marked effect on the appearance and size of the
milled and spray dried powders. On storage at high humidities, fusion of the particles to
each other was noted after 2 weeks, suggesting physical instability. The milled powder
showed signs of physical change at 59% RH, whereas the spray dried powder showed
signs of degradation at 44% RH. The formation of agglomerates at higher humidities seen
with SEM was reflected in the increased particle sizes obtained using laser diffraction
analysis. Although SEM was not able to discriminate between further changes in the
particles after storage between 2 weeks to 3 months, laser diffraction analysis results
indicated that for both powders, the particle size generally increased after storage for 3
months. The nature and extent of moisture interaction with milled and spray dried
nedocromil sodium was explored and is presented in the ensuing chapters.

From the point of view of the particle size, spray dried nedocromil sodium would appear
to be a reasonable candidate for inhalation therapy. The stability of the powder may
however have disadvantageous effects on its use. In vitro inhalation tests are presented
later on in this report, where the particles are used in a dry powder dosage form in which
lactose was used as a carrier.

82

Chapter 3
Physicochemical properties o f
spray dried particles

Chapter 3_______________________________ Physicochemical properties o f spray dried particles

3.1 General Introduction
Crystalline solids constitute atoms or molecules, which are arranged in an ordered, longrange, three-dimensional fashion to fill the whole volume of the crystal lattice. The
material is said to be in an amorphous state when this long-range order is disrupted and
the repetitive structural arrangement is no longer present (Gay, 1972).

Pharmaceutical solids are exposed to a variety of processes such as milling, mixing, heat
drying, spray drying and compaction during the production of drugs in the solid state.
Such processes disrupt or activate the crystalline structure, which can lead to changes in
the degree of disorder of the solid, through the formation of defects, imperfections and
amorphous regions (Saleki-Gerhardt et al, 1994). The degree of disorder can either be
displayed throughout the entire crystal (amorphous) or at the particle surface or even in
confined areas of that surface called “frictional hot spots” (Hersey and Krycer, 1980).
Non-crystalline (disordered) structures are physically and thermodynamically unstable.
When exposed to favourable conditions of humidity and temperature, they transform to
an ordered structure, i.e. crystallise (Elamin et al, 1993; 1995). Milling, spray drying and
other related procedures frequently involve energy transfer to the drug substance. As a
result, any drug substance showing changes in crystallinity should be susceptible to
changes in drug stability, which can be explained by changes in the physicochemical
properties of the drug substance (Waltersson and Lundgren, 1985).

The interaction of water with crystalline solids can be conveniently classified under three
major headings: adsorption of water vapour to the solid-air interface; crystal hydrate
formation; and deliquescence (Ahlneck and Zografi, 1990). On exposure to atmospheric
humidities, drug powders take up water. At low levels of humidity, the moisture
associated with the particles of a powder is adsorbed water vapour. As the relative
humidity increases, the thickness of the adsorbed layer increases, until ultimately
condensation occurs at the contact points, creating liquid bridges. Electrostatic effects
considerably influence the degree of moisture interaction in the powder at low relative
humidities.

However at high humidities, the capillary force due to water vapour
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condensation at the interface of particle controls the degree of interaction (Kulvanich and
Stewart, 1988).

Amorphous solids take up considerably more water vapour than the crystalline form of
the same chemical entity. Consequently, the residual water present in the sample can lead
to changes in the chemical and physical stability of the drug (Kesavan and Peck, 1996).
Water vapour is thought to dissolve in the bulk of an amorphous solid, because of its
disordered nature, as opposed to the surface adsorption with crystalline (ordered) solids
(Ahlneck and Zografi, 1990). The uptake of water by amorphous solids is mainly
determined by the total mass of the amorphous form. Amorphous solids will convert to
the crystalline form when exposed to appropriate conditions of relative humidity and
temperature with an associated entropy loss (AS) and a release of excess thermal energy
(AH). Calorimeters can be used to monitor the heat generated by any phase transitions
and provide a better indication of physical instability of metastable forms than techniques
like X-ray powder diffraction (XRPD) and particle size analysis.

3.2 Characterisation of nedocromil sodium
3.2.1 Differential Scanning Calorimetry (DSC)
Differential scanning calorimetry (DSC) is a sensitive thermal analysis technique used to
detect thermal events occurring within a sample.

DSC can be used to monitor

endothermie processes (melting, boiling, vaporisation, solid-solid phase transitions, and
chemical degradation) as well as exothermic processes (crystallisation and oxidative
decomposition) (Ford and Timmins, 1989). DSC measures the difference in heat flow
(power) to a sample (pan) and to a reference (pan) as a function of temperature, after
heating both sample and reference simultaneously at predetermined rates.
The power compensation DSC design was the first type of instrument commercialised in
1964. In this type of apparatus, the sample and reference pan are separately heated by
two microfumaces. Two separate control loops are used to accurately control the
temperatures of the reference and sample pans. When the sample and reference are
initially heated, they will require equal amounts of energy in order to increase in
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temperature. This is indicated by a zero differential power output, registered as a
horizontal baseline. In the power compensation design, a thermally-induced event is
detected by the temperature differential between the sample and reference. The control
system then uses this detection to regulate the heat (power) supply to the sample cell to
maintain equality with the temperature o f the reference cell. Endothermie processes
require increased heat to maintain equality while exothermic processes require a decreased
supply of heat. The energy required to maintain parity is directly proportional to the
energy change in the system, therefore, power compensation DSC allows direct
measurements of enthalpy (AH) associated with a process to be made.
With heat flux DSC the sample and reference pan sit in the same furnace and the
temperature difference between them is measured. This type of instrument was employed
in this study and a cross sectional diagram of the DSC cell is shown in figure 3.1. The
sample and reference pans are positioned on raised platforms in a constantan disk which
provides a controlled heat path between the heating block and pan positions. This disk
forms one element of the temperature measuring thermocouples (TA Instruments, 1993).
The second element of the chromel-constantan area thermocouples comes in the form of
a chromel wafer attached underneath each platform. A chromel-alumel thermocouple that
is used to measure the sample temperature is present as chromel and alumel wires attached
underneath each platform. The DSC cell is purged at a flow rate of 30 mL/min with either
nitrogen or helium gas, depending on the temperature programme.

silver lid
sam ple pan

reference
pan

heating
block

chrom el disk

constantan
disk

chrom el & alum el
w ires

The DSC 2920 cell (taken from Hill, 1999).
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Both the power compensated and heat flux DSC instruments can be used to monitor
thermal transitions and chemical reactions. Although the method of signal measurement
is different, the final heat flow signal produced is similar for both instruments, thus either
design is acceptable for most applications. In the event of a thermal process, the recorder
of the DSC system will be deflected from the baseline and will subsequently return on
completion. However, in some cases where a change in the specific heat of the sample
has occurred, the recorder will return to another baseline. DSC data are presented as a
thermoanalytical curve. Endothermie or exothermic changes are registered as peaks or
troughs in the DSC trace. The area under a DSC peak or trough is directly proportional
to the heat absorbed or evolved by the thermal event, and integrating these peak areas
produce the heat of reaction (in units of Joules/gram (J/g) or Joules/mole (J/mol)).
Information such as, transition temperature and the enthalpy associated with the transition
are then obtained from analysing the thermal events.
The rate at which a sample is heated in the calorimeter is of importance in assigning the
correct temperature to a transition. Scanning at a slower rate (e.g., 2°C/min) will provide
better resolution of thermal events such as melting and decomposition, thus, giving
accurate transition temperatures.

Faster scanning rates provide large sharp peaks,

though, with less detail and also the position of transition temperatures can be shifted.
Thus, care must be taken in selecting an appropriate scan rate in order to display great
reproducibility in the DSC traces.
DSC has been extensively employed to study the stability and crystallisation of totally
disordered (amorphous) structures compared to their crystalline counterparts. The
thermal dehydration of salbutamol sulphate (Chawla, 1993; Venthoye, 1997), sucrose and
lactose (Elamin et al, 1995), nedocromil salt hydrates (Ojala et al, 1996; Zhu et al, 1996,
1997a, 1997b) have been monitored using DSC. Ciystallographic changes due to water
vapour uptake in anhydrous lactose powder (Angberg et al, 1991) and the effect of
formulation procedures on drug stability (Waltersson and Lundgren, 1985; Kitamura et
al, 1989; Saleki-Gerhardt et al, 1994) have also been studied by DSC.
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3.2.2 Thermogravimetric Analysis (TGA)
Gravimetric methods of water determination include those based on the decrease in
weight of a material on drying. Thermogravimetric analysis (TGA) is a technique in which
the mass of the sample is monitored against time or temperature. Like other gravimetric
methods, TGA only measures the weight loss. The total weight loss of the sample is then
taken as the amount of water in the sample. TGA is commonly used in the pharmaceutical
industry for measuring desorption, but other applications include the characterization of
solvates, the measurement of stability, and the analysis of reaction and decomposition
kinetics (Ford and Timmins, 1989).
A TGA 2950 (TA Instruments, Leatherhead, UK) was employed in this study to
determine the mass lost from the nedocromil sodium samples on heating. A schematic
diagram of the basic elements of this instrument is shown in figure 3.2. The TGA works
on the null balance principle (TA Instruments, 1994) which ensures that the sample
maintains a constant position in the furnace. The sample is positioned in a platinum holder
which is attached to a balance mechanism via a fine wire. A furnace, which is enclosed
by a water cooled jacket, is then hoisted around the sample and provides the controlled
heating programme. A thermocouple that is used to measure the sample temperature is
present just above the sample pan. The balance and furnace regions are purged at a flow
rate of 40 mL/min and 60 mL/min respectively, with dry nitrogen gas, to maintain an inert
atmosphere during TGA analysis. The sample and tare platinum holders are suspended
from each end of a balance arm that is pivoted at the centre and a small flag attached to
the top. Provided that the balance arm is horizontal, this flag blocks an equal amount of
light from an LED from reaching two photodiodes. However, when the sample starts to
lose mass on heating, this will cause the balance arm and flag to rotate, as the force on the
sample and tare sides become unequal. As a result of the rotation, a different amount of
light will reach the two photodiodes and a current is produced which is nulled, returning
the balance arm to the horizontal (null) position.
proportional to the change in mass of the sample.
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furnace
assembly

tare pan
purge
outlet
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Figure 3.2

The DSC 2950 instrument (taken from Hill, 1999).

3.2.3 Powder X-Ray diffraction (PXRD)
PXRD is commonly used in the phaimaceutical industry to identify the different
polymorphs and solvates of a compound and to assess the level of sample impurity. In a
typical PXRD instrument, the X-rays are generated by bombarding a metal anode with a
stream of high energy electrons. The diffraction of X-rays off the surface of powdered
samples will provide information on its crystallinity by supplying details of all possible
atomic spacings (the crystal lattice) (Woolfson, 1970). Although the X-ray beam is
scattered through all angles, in certain locations the diffracted beams are in phase, hence
becoming reinforced. As a result of this, characteristic patterns are produced that can be
used to identify the crystal present. A trace is produced which consists of a series of
peaks detected at various scattering angles. To provide a complete crystallographic
characterisation of the powder, these scattered angles, and their relative intensities are
associated with computed d-spacings (distance between the planes in a crystal).
Amorphous materials, which do not contain a repeating structural unit, can not be easily
identified by PXRD, as they do not produce diffraction at characteristic angles.
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3.2.4 Hydrates of nedocromil sodium
Nedocromil sodium has water associated with its crystal lattice, hence it is necessary to
characterise this water, particularly the amount and state of binding of water associated
with the different hydrates. During inhalation, it is important that the smaller nedocromil
sodium particles separate from the larger lactose carrier particles used to formulate the
dry powder inhaler. For this reason it is particularly important that no changes occur in
the powder mixture during storage.
In preliminary studies, it has been shown that nedocromil sodium exists in different
hydrate phases, following exposure to defined relative humidities (Khankari et al, 1989;
1998; Khankari and Grant, 1992). Commercially available nedocromil sodium is a
trihydrate, which is hygroscopic and is reported to convert into the monohydrate at 22®C
and relative humidity 0 to 6.4%, and transform to a heptahemihydrate at 22®C and
relative humidity > 80% (Khankari and Grant, 1992). Amorphous forms of nedocromil
sodium have been produced by rapidly evaporating a saturated absolute ethanolic solution
of the trihydrate form in a rotary film evaporator (Khankari, 1993). The physical,
chemical, and biological properties of nedocromil sodium can be modified by its
conversion to other salt forms, nedocromil magnesium, nedocromil zinc and nedocromil
calcium (Zhu et al, 1996; 1997a; 1997b). These metal salts are achieved by mixing
aqueous solutions of nedocromil sodium with the water soluble salts, and their behaviour
has been compared to nedocromil sodium. Although characterisation of nedocromil
sodium hydrates using physical techniques have been explored, there is limited literature
on rates of water uptake by the drug. A recent publication reported studies on the water
uptake of anhydrous nedocromil sodium using thermogravimetric analysis techniques
(Richards et al, 1999).
The differences in physicochemical properties between amorphous and crystalline forms
of a drug may be enough to influence its biological activity considerably. This chapter
serves to investigate the stability of spray dried nedocromil sodium after storage at
different relative humidities over a period of time. The physicochemical properties of
spray dried nedocromil sodium have been investigated and compared with those of the
conventionally milled drug.

90

Chapter 3________________________________Physicochemical properties o f spray dried particles

The surface morphology and size of the powders have previously been examined by
Scanning Electron Microscopy (SEM) and laser diffraction analysis for a basic
characterisation of the samples (chapter 2). To probe further into the effects of water
interactions with the powders, the thermal behaviour of the samples was studied using
thermogravimetric analysis (TGA), and differential scanning calorimetry (DSC). Karl
Fischer titrimetry (KFT), powder X-ray diffraction (PXRD) and water uptake at various
relative humidities (RH) were used to study the nature of the water interactions in their
structures.

3.3 Materials
Milled nedocromil sodium (trihydrate)
Batch no. 3746E
(Rhône-Poulenc Rorer Ltd., Cheshire, UK).
Spray dried nedocromil sodium
(preparation was as described in section 2.2.2.1).
(Feed conc.: 10%w/v ; Inlet temp.: 200°C
Silica gel
Lot no. K26344014
(BDH Laboratory supplies, Poole, UK.)
Lithium chloride
Lot no. B971316 712
(BDH Laboratory supplies, Poole, UK.)
Potassium acetate
Lot no. K24341717 743
(BDH Laboratory supplies, Poole, UK.)
Magnesium chloride
Lot no. 1229230
(BDH Laboratory supplies, Poole, UK.)
Potassium carbonate
Lot no. 67H1256
(Sigma® Chemical Company, USA.)
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Sodium bisulphate
Lot no. LI 83092 509
(BDH Laboratory supplies, Poole, UK.)
Sodium chloride
Lot no. 4722840G
(BDH Laboratory supplies, Poole, UK.)
Phosphorus pentoxide
(BDH Laboratory supplies, Poole, UK.)
Potassium chloride
Batch no. 9740170 227
(Fisher Scientific, UK.)
Potassium sulphate
Lot no. A924382 637
(BDH Laboratory supplies, Poole, UK.)

3.4 Methods
3.4.1 Differential Scanning Calorimetry (DSC)
The thermal behaviour of the samples was studied using a differential scanning
calorimeter, DSC 2920 (TA Instruments Ltd., Leatherhead, UK). Analysis of the DSC
curves obtained represents the rates of heat uptake with respect to temperature. Prior to
the experiments, the DSC cell was calibrated for baseline using empty DSC aluminium
pans (Perkin-Elmer) of matched weight for temperature using indium (99.999% purity),
and the auto balance was also calibrated daily before weight measurements. Between 4
and 5 mg of sample was accurately weighed into a tared DSC aluminium pan, a lid was
placed on the pan, which was then crimped (non-hermetically sealed) to allow water
vapour to escape. The aluminium pan can be either open, non-hermetically sealed or
hermetically sealed. Open and non-hermetically sealed pans allow volatiles to escape
during heating, whereas hermetically sealed pans prevents this. Having a pin hole lid can
also determine the course of dehydration, hence the type of pan adopted can influence the
sample data in many ways.
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Samples were then heated at a rate of 10°C/min in the calorimeter, up to 280°C, in an
atmosphere of nitrogen. Nitrogen gas is commonly used to maintain an inert atmosphere
during DSC analysis, because oxidative degradation of the test sample will influence the
temperature and integrity of the peak. At least three measurements were taken for each
sample. All DSC analyses were carried out using pairs of aluminium pans of matched
weight, i.e. the empty sample and reference pans were of equal weight to within ±0.1 mg.
The sample and reference pans were loaded into their respective analysis chamber using
forceps, in order to ensure they remained clean and to prevent grease from hand surfaces
from causing inaccurate readings. The pans should be placed such that there is good
thermal contact between them and the instrument.

3.4.1.1 Physical stability of nedocromil sodium in different humidities
The milled (trihydrate) and spray dried samples were spread thinly in glass dishes and
equilibrated for up to 6 months in desiccators over saturated salt solutions and silica gel
(Nyquist, 1983), giving equilibrium relative humidities (RH) o f4,11,23,35,44, 59,76,
85, 98% and over phosphorus pentoxide (0%RH) as previously described in section
2.2.2.3. The desiccators were then stored in a constant temperature room at 20°C. At
predetermined time intervals, each sample dish was removed and covered to prevent
moisture exchange with the ambient environment during the transportation. After
weighing out the sample for analysis, the dish was immediately placed back into the
desiccator. The equilibrated samples were characterised after 2 weeks, 1 month, 3 months
and 6 months using DSC.

3.4.2 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) measures gravimetrically the water released on
heating. A weighed sample, 4-5 mg, of the material was placed in an open aluminium
DSC pan (Perkin-Elmer), which was then put in the platinum holder and heated at a rate
of 10°C/min, up to 250°C in a thermogravimetric analyser (TGA) 2950 (TA Instruments,
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Leatherhead, UK), using a dry nitrogen purge.

Indium was used to calibrate the

temperature signal by comparing its observed melting temperature to the literature value.
The weight signal of the instrument was calibrated according to the manufacturer’s
instructions using 100 mg and 1 g weights. Quantification of the hydrate content in the
samples was achieved by analysing a derivative peak of the weight loss curve. At least
three measurements were taken for each sample.

3.4.2.1 Physical stability of nedocromil sodium in different humidities

The milled and spray dried samples were equilibrated for up to 6 months in desiccators
over saturated salt solutions, at relative humidities (RH) of 4, 11,23, 35,44, 59, 76, 85,
98% and over phosphorus pentoxide (0%RH), as described in section 2.2.2.3. The water
content of the equilibrated samples was determined after 2 weeks, 1 month, 3 months and
6 months by TGA.

3.4.3 Karl Fischer titrimetry (KFT)

The total moisture content present in both milled and spray dried powders was determined
by Karl Fischer titrimetry (KFT) using a Moisture Meter (Metrohm 701KF Titrino).
About 50 mg of milled sample and 200 mg of spray dried sample were accurately weighed
and quickly transferred to the titration vessel containing methanol free Karl Fischer
reagent prior to titration.

3.4.4 Effect of pan type on dehydration process

It has previously been suggested that the type of pan used for TGA and DSC analysis can
influence the dehydration behaviour of the samples. Encapsulating (ie. crimping) the
sample in the pan raises the water vapour pressure inside the crimped pan and changes the
course of the dehydration process, (Khankari, 1993). This difference in results was
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investigated by comparing the dehydration behaviour of milled sample stored at 85%RH,
in an open pan, a crimped pan and a pin hole lid pan. To effectively mimic the
experimental conditions in crimped pan DSC, the water loss during each dehydration step
was also established in crimped aluminium pans under the same conditions as for open pan
TGA.

3.4.5 Powder X-Ray diffraction (PXRD)

The X-ray diffraction pattern of milled and spray dried nedocromil sodium was measured
at room temperature (25.0°C) with an X-ray powder diffractometer (Siemens D-500,
Germany) using Cu radiation. X-ray difffactograms were recorded between 2 and 40° in
20 using a step size of 0.04° and a counting time of 1 s at each step size. These studies
were performed by D. Brown at Rhône-Poulenc Rorer, Holmes Chapel, Cheshire, UK.

3.5 Results and Discussion
3.5.1 Differential Scanning Calorimetry (DSC)
Typical DSC thermal curves for milled and spray dried nedocromil sodium are shown in
figures 3.3 and 3.4 respectively. The peak maximum temperatures and enthalpy change
associated with the transitions are shown in table 3.1 and 3.2 for milled and spray dried
nedocromil sodium respectively. The milled material exhibited two major endotherms
with peak maxima at 111.1 (± 2.3)°C and at 202.8 (± 1.1)°C (Table 3.1). This suggests
that the water molecules in the milled (trihydrate) samples are present in two states
corresponding to two different binding environments, with endotherms at 111.1 °C and
202.8°C.

95

Physicochemical properties o f spray dried particles

Chapter 3

0

-0.5

O)
5

1

I
0> 1.5

I

2

-2.5
50

100

150

200

250

300

Tem perature (°C)
Figure 3.3

A typical differential scanning calorimetry (DSC) curve of milled nedocromil
sodium.
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Figure 3.4

A typical differential scanning calorimetry (DSC) curve of spray dried
nedocromil sodium.
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Peak B

Peak A

Peak C

P eakD

% Relative

Temperature

AH

Temperature

AH

Temperature

AH

Temperature

AH

humidity

rc)

(J/g)

CC)

(J/g)

CC)

(J/g)

CC)

(J/g)

0

N/S

N/S

N/S

N/S

111.1 (±2.3)

263.1 (±3.4)

202.8 (± 1.1)

144.9 (± 4.4)

4

N/S

N/S

N/S

N/S

111.9 (±7.6)

256.1 (± 1.4)

202.4 (± 4.5)

156.6 (±9.3)

11

N/S

N/S

N/S

N/S

112.3 (±1.1)

255.0 (±3.6)

204.2 (± 0.7)

150.5 (± 1.1)

23

N/S

N/S

N/S

N/S

109.8 (±0.8)

252.5 (± 2.9)

203.2 (±0.5)

156.4 (± 1.8)

35

N/S

N/S

N/S

N/S

111.5 (± 1.0)

254.7 (± 4.3)

204.1 (±0.4)

151.4 (±5.2)

44

N/S

N/S

N/S

N/S

109.5 (±1.2)

254.9 (± 1.3)

202.3 (± 1.0)

160.5 (±2.5)

59

N/S

N/S

N/S

N/S

109.6 (±2.6)

252.3 (± 1.9)

200.0 (± 1.4)

151.2 (± 2.3)

76

N/S

N/S

N/S

N/S

109.9 (±2.1)

258.3 (±1.4)

197.1 (± 1.5)

152.5 (± 1.8)

85

73.6 (±0.3)

449.7 (±29.8)

N/S

N/S

109.7 (± 1.5)

190.4 (±25.0)

192.0 (± 0.4)

106.4 (± 8.5)

98

72.6 (±1.4)

231.8 (±19.4)

86.9 (± 1.2)

185.1 (±10.1)

111.5 (±2.6)

212.2 (± 6.8)

191.8 (±0.6)

108.9 (±3.4)

n = 3 ± sd
N/S - Not seen
Table 3.1

Peak maximum temperature and enthalpy change associated with transition (JH) determined by DSC for milled nedocromil sodium after storage
for 2 weeks.

Peak A

P eakB

Peak C

P eakD

% Relative

Temperature

AH

Temperature

AH

Temperature

AH

Temperature

AH

humidity

(»C)

(J/g)

CC)

(J/g)

(“C)

(J/g)

(»C)

(J/g)

0

N/S

N/S

N/S

N/S

97.9 (±7.1)

293.0 (±31.9)

N/S

N/S

4

N/S

N/S

N/S

N/S

98.7 (±5.4)

335.2 (±12.5)

N/S

N/S

11

N/S

N/S

N/S

N/S

102.8 (±2.1)

280.2 (±10.6)

N/S

N/S

23

N/S

N/S

N/S

N/S

90.1 (±2.7)

352.6 (±12.3)

N/S

N/S

35

N/S

N/S

N/S

N/S

100.0 (± 0.7)

293.9 (± 9.2)

207.2 (± 1.7)

19.6 (± 1.0)

44

N/S

N/S

N/S

N/S

114.3 (±1.1)

257.2 (± 0.8)

207.3 (± 1.9)

146.4 (± 1.9)

59

N/S

N/S

N/S

N/S

115.6 (±3.3)

257.3 (± 1.4)

203.9 (±2.0)

146.3 (± 5.6)

76

N/S

N/S

N/S

N/S

114.7(± 1.3)

263.9 (±2.6)

197.1 (± 0.8)

147.9 (±2.3)

85

72.3 (± 0.6)

428.9 (± 9.5)

N/S

N/S

114.1 (± 1.6)

197.2 (±12.2)

193.6 (±0.2)

107.9 (± 1.0)

98

73.0 (± 0.4)

231.5 (±22.3)

86.5 (± 1.32)

200.3 (±17.2)

112.0 (±0.8)

202.1 (±18.7)

191.1 (± 1.0)

111.1 (±4.8)

n = 3 ± sd
N/S - Not seen
Table 3.2

Peak maximum temperature and enthalpy change associated with transition (AH) determined by DSC for spray dried nedocromil sodium after
storage for 2 weeks.
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The second endotherm developed a slight “shoulder” as the trace returned to the baseline,
which may be due to the decomposition of nedocromil sodium.

This finding is in

agreement with a previous study carried out on the effect of heating nedocromil sodium
hydrates (Khankari, 1993). Khankari (1993) reported that heating the trihydrate form of
nedocromil sodium, produced two endotherms with peak maxima at about 119 °C and at
about 204 ®C.

The spray dried material exhibited a single broad endotherm with a peak maximum at 97.9
(± 7.1)°C which is attributable to water loss (Table 3.2). There was no presence of an
exothermic peak which usually represents the transformation of an amorphous form to a
crystalline one. The presence of amorphous form in the spray dried material was later
confirmed by powder X-ray diffraction analysis (section 3.5.5). This suggests that the
crystallisation of amorphous nedocromil sodium had not occurred during heating.

3.5.1.1 Physical stability of nedocromil sodium in different humidities

Milled and spray dried nedocromil sodium samples stored under different relative
humidities (RH) ranging from 0 to 98%, gave different DSC profiles, (Figures 3.5 and 3.6
respectively). In the case of the milled samples, the thermograms have a similar profile,
between 4 and 76%RH (Figure 3.5), suggesting no additional moisture uptake between
these humidities. As relative humidity increased, the last endotherm (at about 203°C)
obtained for the samples became narrower with an accompanying shift of the temperature
to lower values and a reduced transition enthalpy (Table 3.1). This indicated that a
change in structure had occurred due to the uptake of water at high relative humidities,
as displayed in the SEM results (section 2.3.3).

In the case of the spray dried material stored below 35%RH, (Figure 3.6), a single broad
endotherm was exhibited which is attributable to water loss. The peak maximum
temperature of these samples on the DSC curve appears to be similar to that of the first
endotherm of the milled sample, however peaking at a lower temperature. There was no
indication of decomposition at higher temperatures as observed wdth the milled sample.
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Figure 3.5

Differential scanning calorimetry (DSC) curves for milled nedocromil
sodium stored at different relative humidities.
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Figure 3.6

Differential scanning calorimetry (DSC) curves for spray dried nedocromil
sodium stored at different relative humidities.
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At 35%RH, the DSC thermogram displayed two endotherms with peak maxima at 100.0
(± 0.7)°C and 207.2 (± 1.7)°C, which were attributed to the loss of absorbed water and
decomposition respectively. There was a possible third endotherm merging with that at
100°C, however no indication of a transition referring to the loss of “tightly bound” water.
This trace exhibited a definite change in the structure of the spray dried material. The
thermogram obtained for the spray dried samples stored at 44%RH, displayed two major
endotherms with peak maxima at 114.3 (± 1.1 )°C and 207.3 (± 1.9)°C. This trace is
similar to that of the milled drug, suggesting that the spray dried amorphous sample had
converted to the crystalline form. The decomposition “shoulder” observed at about 235
°C was more pronounced. These observations confirmed the SEM results (section 2.3.3)
which showed a change in morphology at 44% RH, indicating that the spray dried drug
had degraded. Two endotherms were also observed for the spray dried samples stored
at 59% and 76% RH. The second endotherm which was attributed to the loss of “tightly
bound water became more defined with increasing relative humidity, however the peak
maxima decreased gradually with increasing relative humidity. This may suggest that the
spray-dried sample remains amorphous at relative humidities up to 35%, however at
higher humidities, the structure is rearranged to yield the crystalline form.

For both the milled and spray dried samples, three endotherms were exhibited on the DSC
trace, upon storage at 85% and four endotherms when stored at 98%RH (Figures 3.5 &
3.6 respectively). Although the first three peaks were overlapping, it is possible to
distinguish their peak maxima. The third endotherm at about 110°C is similar to the first
endotherm of the trihydrate and the fourth endotherm at about 200°C is similar to the
second endotherm of the trihydrate in terms of peak maximum temperature and enthalpy
change. These results suggest that the heptahemihydrate formed at such high humidities
is converted to the trihydrate form during the first two endothermie events. Investigations
carried out by Khankari (1983) indicated that this conversion was only possible under
conditions of a high enough temperature and water vapour pressure for nedocromil
sodium to form a saturated solution. Encapsulating the sample in the crimped pans used
in the DSC experiment enabled this high vapour pressure to be achieved. Thus, the first
two endotherms may indicate the rearranging of the crystal structure on heating to
produce a trihydrate and vaporisation of excess water, whilst the third and fourth
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endotherms are thought to indicate the release of “loosely bound” and “tightly bound”
water respectively.

Storage of the samples at 0%, 4%, 11%, 23%, 35%, 44%, 59%, 76%, 85% and 98% RH
for 6 months modified the thermal profiles of milled and spray dried nedocromil sodium
as shown in figures 3.7,3.8,3.9,3.10,3.11,3.12,3.13, 3.14, 3.15 and 3.16 respectively.
The first dehydration endotherms of the milled samples were not as sharp as previously,
and their peak maximum temperatures were observed to have shifted (Table 3.3). After
6 months of storage, the dehydration peaks of the samples stored at <59% RH had shifted
to a lower temperature. However, this was not the case for the milled sample stored at
23% RH and the spray dried sample stored at 35% RH. At 76% RH and above, there was
an increase in peak maximum temperature from 2 weeks to 6 months (Tables 3.3 and 3.4).
This may be due to moisture uptake of the powder as it had more time to equilibrate in
the relative humidity. It is also possible that, as the endotherms represented the same
thermal event, many of these changes may not be significantly different due to scatter
around a particular temperature.
A general increase in the transition enthalpy (AH) was observed when the milled samples
were stored for 6 months at <35% RH, whereas AH was reduced for the spray dried
samples. Above 35% RH, the influence of storage on both samples was less clear,
although it appeared that transition enthalpies were slightly lower after storage for 6
months.
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Figure 3.7

DSC curves for milled and spray dried nedocromil sodium which were stored at
0% RH for 2 weeks and 6 months.
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Figure 3.8

DSC curves for milled and spray dried nedocromil sodium which were stored at
4% RHfor 2 weeks and 6 months.
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Figure 3.9

DSC curves for milled and spray dried nedocromil sodium which were stored at
11% RH for 2 weeks and 6 months.
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Figure 3.10

DSC curves for milled and spray dried nedocromil sodium which were stored at
23% RHfor 2 weeks and 6 months.
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Figure 3.11

DSC curves for milled and spray dried nedocromil sodium which were stored at
35% RH for 2 weeks and 6 months.
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Figure 3.12

DSC curves for milled and spray dried nedocromil sodium which were stored at
44% RH for 2 weeks and 6 months.
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Figure 3.13

DSC curves for milled and spray dried nedocromil sodium which were stored at
59% RHfor 2 weeks and 6 months.
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Figure 3.14

DSC curves for milled and spray dried nedocromil sodium which were stored at
76% RH for 2 weeks and 6 months.
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Figure 3.15

DSC curves for milled and spray dried nedocromil sodium which were stored at
85% RH for 2 weeks and 6 months.
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Figure 3.16

DSC curves for milled and spray dried nedocromil sodium which were stored at
98% RHfor 2 weeks and 6 months.
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PeakB

Peak A

P eak C

P eakD

% Relative

Temperature

AH

Temperature

AH

Temperature

AH

Temperature

AH

humidity

rc)

(J/g)

(”C)

(J/g)

CC)

(J/g)

CC)

(J/g)

0

N/S

N/S

N/S

N/S

105.6 (±4.0)

251.4 (± 1.8)

201.1 (±2.1)

167.2 (± 0.6)

4

N/S

N/S

N/S

N/S

104.5 (±0.2)

260.9 (± 1.3)

198.7 (±0.1)

173.1 (±0.4)

11

N/S

N/S

N/S

N/S

99.1 (±0.4)

259.3 (±3.1)

194.8 (± 2.2)

182.4 (±0.4)

23

N/S

N/S

N/S

N/S

112.2(± 1.8)

254.0 (± 1.6)

203.5 (±1.6)

162.1 (± 1.1)

35

N/S

N/S

N/S

N/S

100.6 (±0.9)

256.8 (± 1.8)

193.4 (± 1.1)

169.4 (± 1.3)

44

N/S

N/S

N/S

N/S

107.7 (± 1.2)

250.8 (±1.1)

199.1 (±1.5)

150.2 (±2.2)

59

N/S

N/S

N/S

N/S

103.4 (±3.0)

252.2 (± 1.7)

193.7 (± 1.7)

157.5 (±2.0)

76

N/S

N/S

N/S

N/S

132.0 (± 1.7)

252.3 (± 2.0)

207.3 (± 1.2)

138.4 (±2.1)

85

71.7 (±0.5)

183.5 (±14.5)

96.8 (± 1.8)

286.3 (±2.1)

122.8 (± 1.6)

212.2 (± 8.6)

210.5 (±0.3)

95.6 (±4.8)

98

70.9 (± 0.9)

181.7 (±5.9)

88.0 (± 1.3)

275.3 (±4.8)

112.1 (±1.7)

174.9 (±6.4)

200.9 (± 0.8)

102.9 (±4.1)

n = 3 ± sd
N/S - Not seen
Table 3.3

Peak maximum temperature and enthalpy change associated with transition (AH) determined by DSC for milled nedocromil sodium after storage
for 6 months.
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P eakB

Peak A

Peak C

P eakD

% Relative

Temperature

AH

Temperature

AH

Temperature

AH

Temperature

AH

humidity

(“C)

(J/g)

CC)

(J/g)

(»C)

(J/g)

(»C)

(J/g)

0

N/S

N/S

N/S

N/S

94.4 (± 9.4)

258.8 (±8.1)

N/S

N/S

4

N/S

N/S

N/S

N/S

90.0 (± 2.5)

285.9 (±2.3)

N/S

N/S

11

N/S

N/S

N/S

N/S

89.4 (± 0.2)

271.4 (±5.4)

N/S

N/S

23

N/S

N/S

N/S

N/S

81.8 (±2.3)

317.1 (±7.0)

N/S

N/S

35

N/S

N/S

N/S

N/S

110.4 (±0.8)

288.4 (± 5.5)

211.1 (± 1.4)

39.7 (± 1.2)

44

N/S

N/S

N/S

N/S

104.8 (± 1.2)

251.6 (± 1.0)

200.7 (± 1.7)

146.9 (±2.1)

59

N/S

N/S

N/S

N/S

110.8 (±3.2)

238.4 (± 1.6)

203.6 (± 1.9)

146.6 (±3.8)

76

N/S

N/S

N/S

N/S

126.3 (±1.5)

268.4 (± 2.3)

203.7 (± 1.0)

137.4 (±2.2)

85

69.8 (± 0.6)

173.8 (± 14.9)

87.6 (± 0.9)

260.9 (± 22.3)

114.8 (±10.2)

182.4 (±9.2)

193.8 (±3.0)

99.0 (±0.05)

98

68.8 (± 0.8)

166.6 (± 10.4)

89.3 (± 0.9)

254.5 (± 13.6)

112.1 (± 1.3)

201.0(±12.6)

184.2 (±0.9)

112.9 (±4.5)

n = 3 ± sd
N/S - Not seen
Table 3.4

Peak maximum temperature and enthalpy change associated with transition (AH) determined by DSCfor spray dried nedocromil sodium after
storage for 6 months.
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3.5.2 Thermogravimetric analysis (TGA)
Typical TGA profiles for milled and spray dried nedocromil sodium powder stored at
ambient conditions are shown in figures 3.17 and 3.18 respeetively.
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Figures. 17

A typical thermogravimetric analysis (TGA) curvefor milled nedocromil sodium
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A typical thermogravimetric analysis (TGA) curve for spray dried nedocromil
sodium

110

Chapter 3_______________________________ Physicochemical properties o f spray dried particles

The TGA thermogram obtained for the milled sample stored at ambient conditions,
indicated that water escapes from the crystalline milled form in two distinct steps. These
TGA thermograms display two dehydration steps (Figure 3.17) corresponding to the two
dehydration endotherms on its DSC curve (Figure 3.3). For each step, the % weight loss,
the number of moles of water lost and the corresponding peak maximum temperatures are
displayed in table 3.5. Differences were observed in the dehydration temperatures
obtained for DSC and TGA analysis. The higher peak maximum temperatures observed
during DSC analysis were due to performing these experiments in crimped pans, as
opposed to open pans as in TGA analysis. This issue concerning pan type is explained in
greater detail later on in this study.

The TGA thermogram obtained for the spray dried sample stored at ambient conditions,
displayed a steady escape of water from the sample in one distinct phase (Figure 3.18).
The dehydration process was observed to commence at a lower temperature than the
milled sample and occur over a wide range of temperature, as also seen in the DSC curve
(Figure 3.4). These results are due to the difference in water binding mechanisms of the
spray dried sample compared to the milled one, and indicates that the water content of
milled nedocromil sodium is thermally more stable than that of spray dried nedocromil
sodium. The % weight loss for each dehydration stage, the number of moles of water lost
and the corresponding peak maximum temperatures are displayed in table 3.6.

3.5.2.1 Physical stability of nedocromil sodium in different humidities

The milled and spray dried samples stored under different relative humidities gave
different TGA profiles (Figures 3.19 and 3.20 respectively). The % weight loss increased
with increasing humidity. In the case of the milled samples, between 11 and 76% RH, the
thermograms have a similar profile, (Figure 3.19 & Table 3.5), suggesting no additional
moisture uptake at these humidities. For samples stored up to and including 76% RH, the
rapid weight loss occurring between 50°C and 75°C is approximately 8% and this weight
loss corresponds to a loss of about 2 moles of water per mole of anhydrous nedocromil
sodium. Between 150°C and 200®C, there is a second weight loss of approximately 4%
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Figure 3.19

Thermogravimetric analysis (TGA) curves for milled nedocromil sodium
stored at different relative humidities for 2 weeks.
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Figure 3.20

Thermogravimetric analysis (TGA) curves for spray dried nedocromil sodium
stored at different relative humidities for 2 weeks.
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which corresponds to a loss of about 1 mole of water per mole of anhydrous nedocromil
sodium. Thus, in total, 3 moles of water were lost from the structure of the samples.
Hence, nedocromil sodium remains as a trihydrate between these conditions. After
storage at 85% and 98%RH, TGA analysis demonstrates a weight loss of approximately
25% which corresponds to approximately 8 moles of water per mole of anhydrous
nedocromil sodium. It has previously been reported that nedocromil sodium transforms
to a heptahemihydrate (7.5) when equilibrated at 80 to 90% RH (Khankari, 1993).
Hence, considering that the values calculated for the trihydrate were also slightly high, it
can be assumed that nedocromil sodium exists as a heptahemihydrate at higher relative
humidités (85% and 98% RH).

Results from this TGA study suggested that the

heptahemihydrate contains loosely bound water in its structure as the water escapes
steadily in one broad step (Figure 3.19). However, this TGA curve is not consistent with
the DSC curve which exhibited four dehydration endotherms at higher relative humidities
(Figure 3.5). The water vapour pressure and temperature determined the process of
dehydration. Thus, heating the sample in an open pan as opposed to a crimped pan (in the
case of DSC analysis) could change the course of the dehydration process.

This

discrepancy was investigated further in section 3.5.4.

In the case of the spray dried samples, the TGA thermograms and % weight losses
differed greatly, after storage at different relative humidities, (Figure 3.20 and Table 3.6).
Below 35%RH, approximately 3 moles of water escapes from the sample in one steady
step.

However, the thermograms obtained for the spray dried samples stored at

humidities higher than 35%RH, displayed 2 weight loss steps resembled those for the
milled drug, indicating that the spray dried amorphous sample had converted to the
crystalline form at higher humidities. This may suggest that the spray dried sample
remains stable at relative humidities up to 35%. This conclusion is in accordance with the
DSC results discussed earlier in section 3.5.1.1.
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% Relative
humidity

Temp, of 1st
wt. Change
CC)

% weight
change
1

Moles of
water lost
1

Temp, of
2nd wt.
Change ( C)

% weight
change
2

Moles of
water lost
2

Total moles of
water lost

0

73.19 (±3.56)

7.31 (±0.27)

1.90 (±0.10)

176.15 (±4.04)

4.77 (± 0.65)

1.27 (±0.21)

3.17 (± 0.31)

4

72.71 (± 0.92)

8.20 (±0.16)

2.13 (±0.06)

167.46 (±0.00)

4.23 (±0.16)

1.13 (±0.06)

3.26 (±0.12)

11

72.81 (±4.57)

8.20 (± 0.87)

2.19 (±0.24)

169.37 (±7.71)

4.21 (±0.52)

1.13 (±0.15)

3.32 (±0.39)

23

73.63 (±2.82)

8.42 (±0.19)

2.23 (± 0.06)

175.39 (±4.82)

4.41 (±0.09)

1.17 (± 0.03)

3.40 (± 0.09)

35

70.43 (± 1.04)

8.45 (±1.19)

2.24 (± 0.37)

167.79 (±1.04)

4.37 (± 0.63)

1.16 (±0.20)

3.40 (±0.57)

44

72.72 (± 0.69)

7.45 (± 1.29)

1.94 (±0.38)

168.47 (±0.99)

3.90 (±0.68)

1.02 (± 0.20)

2.96 (± 0.58)

59

73.52 (± 1.88)

7.98 (± 0.21)

2.09 (± 0.06)

169.07 (±3.44)

4.11 (±0.06)

1.08 (±0.02)

3.17 (±0.08)

76

72.84 (± 2.94)

8.52 (±1.47)

2.27 (± 0.45)

165.59 (±4.40)

4.45 (± 0.76)

1.18 (±0.23)

3.45 (± 0.68)

85

72.93 (±1.17)

25.49 (± 1.32)

7.90 (± 0.56)

N/S

N/S

N/S

7.90 (± 0.56)

98

71.12 (±0.69)

25.62 (± 1.17)

7.97 (± 0.47)

N/S

N/S

N/S

7.97 (± 0.47)

n = 3 ± sd
N/S - Not seen
Table 3.5

Results from thermogravimetric analysis of milled nedocromil sodium stored at various relative humidities for 2 weeks.

% Relative
humidity

Temp, of 1st
wt. Change
CC)

% weight
change
I

Moles of
water lost
1

Temp, of 2nd
wt. Change
CC)

% weight
change
2

Moles of water
lost
2

Total moles of
water lost

0

52.81 (±0.32)

10.64 (± 1.07)

2.75 (±0.31)

N/S

N/S

N/S

2.75 (±0.31)

4

53.74 (±5.92)

11.14 (±0.65)

2.89 (± 0.19)

N/S

N/S

N/S

2.89 (±0.19)

11

49.83 (± 0.96)

10.46 (±0.41)

2.69 (±0.12)

N/S

N/S

N/S

2.69 (±0.12)

23

50.57 (± 0.32)

13.05 (± 0.84)

3.46 (±0.26)

N/S

N/S

N/S

3.46 (± 0.26)

35

49.55 (± 1.97)

13.25 (±0.43)

3.52 (±0.13)

N/S

N/S

N/S

3.88 (±0.64)

44

73.71 (±0.61)

8.36 (± 0.12)

2.20 (± 0.04)

183.69 (±1.56)

4.24 (± 0.09)

1.12 (±0.03)

3.32 (±0.07)

59

76.69 (± 0.35)

7.58 (± 0.56)

1.97 (±0.17)

181.66 (±1.04)

3.77 (±0.32)

0.98 (±0.10)

2.95 (± 0.27)

76

78.88 (± 1.25)

8.24 (± 0.35)

2.17 (± 0.11)

170.42 (±0.00)

4.02 (±0.16)

1.06 (±0.05)

3.23 (±0.16)

85

47.78 (± 0.04)

7.60 (± 0.75)

2.37 (±0.27)

75.39 (± 1.70)

18.28 (±0.41)

5.69 (± 0.22)

8.06 (± 0.49)

98

76.61 (± 1.83)

25.10 (± 1.07)

7.73 (± 0.44)

N/S

N/S

N/S

7.73 (± 0.44)

n = 3 ± sd
N/S - Not seen
Table 3.6

Results from thermogravimetric analysis of spray dried nedocromil sodium stored at various relative humidities for 2 weeks.
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The milled and spray dried samples were each stored for up to 6 months at 20°C in closed
desiccators at various RH values between 0% and 98%, to study the effect of RH on their
physical stabilities. The number of moles of water associated per mole of nedocromil
sodium was determined after exposure of samples to the different relative humidities.
Data obtained after storage of the samples for 2 weeks, 1 month, 3 months and 6 months
are illustrated in tables 3.7, 3.8, 3.9 and 3.10 respectively for the milled samples and in
tables 3.11, 3.12, 3.13 and 3.14 respectively for the spray dried samples. The water
stoichiometry of the stored samples was determined by TGA.
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%RH

% weight loss
(1** dehyd step)

0

Moles of water/
Mole of drug
(1** dehyd step)

% weight loss
(2"** dehyd step)

Moles of water/
Mole of drug
(2"“ dehyd step)

7.31 (±0.27)

1.90 (±0.10)

4.77 (±0.65)

1.27 (±0.21)

4

8.20 (±0.16)

2.13 (±0.06)

4.23 (±0.16)

1.13 (±0.06)

11

8.20 (±0.87)

2.19 (±0.24)

4.21 (±0.52)

1.13 (±0.15)

23

8.42 (±0.19)

2.23 (±0.06)

4.41 (±0.09)

1.17 (±0.03)

35

8.45 (±1.19)

2.24 (±0.37)

4.37 (±0.63)

1.16 (±0.20)

44

7.45 (±1.29)

1.94 (±0.38)

3.90 (±0.68)

1.02 (±0.20)

59

7.98 (±0.21)

2.09 (±0.06)

4.11 (±0.06)

1.08 (±0.02)

76

8.52 (±1.47)

2.27 (±0.45)

4.45 (±0.76)

1.18 (±0.23)

85

25.49 (±1.32)

7.90 (±0.56)

N/S

N/S

98

25.62 (±1.17)

7.97 (±0.47)

N/S

N/S

n = 3 ± sd
N/S - Not seen
Table 3.7

The effect o f relative humidity on the water stoichiometry of milled nedocromil
sodium after storage for 2 weeks.

2"** dehydration step

1'* dehydration step
%RH

% weight loss

Moles of water/
Mole of drug

% weight loss

Moles of water/
Mole of drug

0

3.20 (±1.39)

0.80 (±0.36)

4.04 (±0.26)

1.00 (±0.10)

4

8.85 (±0.54)

2.35 (±0.16)

4.45 (±0.22)

1.18 (±0.07)

11

8.20 (±0.39)

2.16 (±0.12)

4.31 (±0.18)

1.14 (±0.05)

23

8.03 (±0.92)

2.11 (±0.28)

4.16 (±0.52)

1.09 (±0.16)

35

8.87 (±1.12)

2.37 (±0.34)

4.65 (±0.46)

1.24 (±0.14)

44

7.61 (±0.31)

1.98 (±0.09)

3.95 (±0.16)

1.03 (±0.04)

59

8.27 (±0.41)

2.18 (±0.12)

4.22 (±0.17)

1.11 (±0.05)

76

7.79 (±0.08)

2.04 (±0.02)

4.01 (±0.05)

1.05 (±0.01)

85

27.36 (±1.48)

8.69 (±0.66)

N/S

N/S

98

25.90 (±1.04)

7.71 (±1.04)

N/S

N/S

n = 3 ± sd
N/S - Not seen
Table 3.8

The effect o f relative humidity on the water stoichiometry o f milled nedocromil
sodium after storage for 1 month.
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2"** dehydration step

1**dehydration step
%RH

% weight loss

Moles of water/
Mole of drug

% weight loss

Moles of water/
Mole of drug

0

6.97 (±0.85)

1.81 (±0.24)

4.08 (±0.51)

1.06 (±0.15)

4

8.31 (±0.23)

2.18 (±0.07)

4.01 (±0.07)

1.05 (±0.02)

11

7.99 (±0.65)

2.10 (±0.19)

4.07 (±0.29)

1.07 (±0.09)

23

8.50 (±0.35)

2.25 (±0.11)

4.39 (±0.31)

1.16 (±0.09)

35

8.40 (±0.55)

2.22 (±0.17)

4.29 (±0.33)

1.13 (±0.10)

44

7.78 (±0.11)

2.03 (±0.03)

3.98 (±0.04)

1.04 (±0.01)

59

7.81 (±0.41)

2.05 (±0.13)

4.05 (±0.36)

1.06 (±0.10)

76

7.67 (±0.49)

2.01 (±0.15)

4.07 (±0.40)

1.06 (±0.11)

85

25.94 (±3.01)

8.11 (±1.29)

N/S

N/S

98

26.05 (±0.39)

8.12 (±0.17)

N/S

N/S

n = 3 ± sd
N/S - Not seen
Table 3.9

The effect o f relative humidity on the water stoichiometry o f milled nedocromil
sodium after storage for 3 months.

2"""dehydration step

1**dehydration step
%RH

% weight loss

Moles of water/
Mole of drug

% weight loss

Moles of water/
Mole of drug

0

2.01 (±0.45)

0.49 (±0.12)

4.31 (±0.47)

1.06 (±0.13)

4

7.81 (±0.16)

2.04 (±0.04)

3.99 (±0.16)

1.05 (±0.05)

11

7.45 (±0.84)

1.94 (±0.24)

3.86 (±0.45)

1.01 (±0.13)

23

8.15 (±0.32)

2.15 (±0.09)

4.20 (±0.11)

1.11 (±0.04)

35

8.86 (±0.76)

2.37 (±0.23)

4.57 (±0.44)

1.22 (±0.13)

44

8.24 (±0.05)

2.17 (±0.01)

4.29 (±0.02)

1.13 (±0.01)

59

8.06 (±0.16)

2.12 (±0.05)

4.18 (±0.08)

1.10 (±0.02)

76

8.04 (±0.15)

2.11 (±0.04)

4.07 (±0.04)

1.07 (±0.01)

85

24.74 (±0.40)

7.58 (±0.16)

N/S

N/S

98

25.82 (±1.43)

8.03 (±0.60)

N/S

N/S

n = 3 ± sd
N/S - Not seen
Table 3.10

The effect o f relative humidity on the water stoichiometry o f milled nedocromil
sodium after storage for 6 months.
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2”**dehydration step

r* dehydration step
%RH

% weight loss

Moles of water/
Mole of drug

% weight loss

Moles of water/
Mole of drug

0

10.64 (±1.07)

2.75 (±0.31)

N/S

N/S

4

11.14 (±0.65)

2.89 (±0.19)

N/S

N/S

11

10.46 (±0.41)

2.69 (±0.12)

N/S

N/S

23

13.05 (±0.84)

3.46 (±0.26)

N/S

N/S

35

14.39 (±2.01)

3.88 (±0.64)

N/S

N/S

44

8.36 (±0.12)

2.20 (±0.04)

4.24 (±0.09)

1.12 (±0.03)

59

7.58 (±0.56)

1.97 (±0.17)

3.77 (±0.32)

0.98 (±0.10)

76

8.24 (±0.35)

2.17 (±0.11)

4.02 (±0.16)

1.06 (±0.05)

85

7.60 (±0.75)

2.37 (±0.27)

18.28 (±0.41)

5.69 (±0.22)

98

25.10 (±1.07)

7.73 (±0.44)

N/S

N/S

n = 3 ± sd
N/S - Not seen
Table 3.11

The effect o f relative humidity on the water stoichiometry o f spray dried nedocromil
sodium after storage for 2 weeks.

1'* dehydration step

2"** dehydration step

%RH

% weight loss

Moles of water/
Mole of drug

% weight loss

Moles of water/
Mole of drug

0

6.09 (±0.41)

1.50 (±0.11)

N/S

N/S

4

8.55 (±1.21)

2.16 (±0.33)

N/S

N/S

11

8.11 (±0.31)

2.03 (±0.09)

N/S

N/S

23

11.43 (±0.49)

2.98 (±0.14)

N/S

N/S

35

14.14 (±1.12)

3.80 (±0.35)

N/S

N/S

44

7.94 (±0.18)

2.07 (±0.06)

3.88 (±0.15)

1.02 (±0.04)

59

8.02 (±0.41)

2.10 (±0.12)

3.94 (±0.19)

1.03 (±0.06)

76

8.45 (±0.34)

2.23 (±0.10)

4.13 (±0.16)

1.09 (±0.05)

85

26.04 (±2.84)

8.15 (±1.21)

N/S

N/S

98

25.37 (±3.16)

7.88 (±1.33)

N/S

N/S

n = 3 ± sd
N/S - Not seen
Table 3.12

The effect o f relative humidity on the water stoichiometry o f spray dried nedocromil
sodium after storage for 1 month.
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1**dehydration step

^

2"** dehydration step

3 dehydration step

%RH

% weight
loss

Moles of
water/
Mole of
drug

%
weight
loss

Moles of
water/
Mole of
drug

%
weight
loss

Moles of
water/
Mole of
drug

0

10.07
(±0.67)

2.58
(±0.19)

N/S

N/S

N/S

N/S

4

10.04
(±0.53)

2.57
(±0.15)

N/S

N/S

N/S

N/S

11

10.82
(±0.25)

2.80
(±0.07)

N/S

N/S

N/S

N/S

23

11.92
(±0.02)

3.12
(±0.00)

N/S

N/S

N/S

N/S

35

4.80
(±0.89)

1.29
(±0.27)

6.44
(±0.76)

1.73
(±0.24)

2.19
(±0.72)

0.77
(±0.13)

44

9.02
(±0.21)

2.40
(±0.07)

4.33
(±0.22)

1.15
(±0.06)

N/S

N/S

59

7.92
(±0.53)

2.07
(±0.16)

3.88
(±0.27)

1.02
(±0.08)

N/S

N/S

76

8.25
(±0.16)

2.17
(±0.06)

4.23
(±0.50)

1.12
(±0.14)

N/S

N/S

85

25.30
(±0.84)

7.81
(±0.35)

N/S

N/S

N/S

N/S

98

24.46
(±0.72)

7.46
(±0.29)

N/S

N/S

N/S

N/S

n = 3 ± sd
N/S - Not seen
Table 3.13

The effect o f relative humidity on the water stoichiometry ofspray dried nedocromil
sodium after storagefor 3 months.
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r* dehydration step

2"** dehydration step

3"* dehydration step

%RH

% weight
loss

Moles of
water/
Mole of
drug

%
weight
loss

Moles of
water/
Mole of
drug

%
weight
loss

Moles of
water/
Mole of
drug

0

6.55
(±0.91)

1.62
(±0.24)

N/S

N/S

N/S

N/S

4

9.40
(±0.08)

2.39
(±0.02)

N/S

N/S

N/S

N/S

11

10.28
(±0.18)

2.64
(±0.06)

N/S

N/S

N/S

N/S

23

12.50
(±1.36)

3.30
(±0.41)

N/S

N/S

N/S

N/S

35

3.87
(±0.13)

1.03
(±0.03)

7.45
(±0.12)

1.98
(±0.04)

1.89
(±0.04)

0.50
(±0.01)

44

7.41
(±0.36)

1.92
(±0.11)

3.69
(±0.18)

0.95
(±0.06)

N/S

N/S

59

8.22
(±0.23)

2.16
(±0.07)

4.12
(±0.10)

1.08
(±0.03)

N/S

N/S

76

8.20
(±0.16)

2.15
(±0.05)

3.94
(±0.09)

1.03
(±0.03)

N/S

N/S

85

24.73
(±2.35)

7.59
(±0.96)

N/S

N/S

N/S

N/S

98

25.10
(±0.64)

7.73
(±0.26)

N/S

N/S

N/S

N/S

n = 3 ± sd
N/S - Not seen
Table 3.14

The effect o f relative humidity on the water stoichiometry o f spray dried nedocromil
sodium after storagefor 6 months.
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The effect of both relative humidity and storage time on the water stoichiometry of milled
and spray dried nedocromil sodium is portrayed graphically in figures 3.21 and 3.22
respectively. The milled sample increased in water content up to 11 %RH, stabilised until
76%RH, and then increased dramatically (Figure 3.21). In the case of the spray dried
sample, % weight loss was observed to increase with increasing humidity until 35%RH,
decreased slightly, then again increased dramatically (Figure 3.22).

The trihydrate remained as such after 2 weeks of storage at 0% RH, however, after 1
month, approximately 1.5 moles of water was lost. It has previously been reported that
nedocromil sodium exists as a monohydrate when equilibrated at RH < 3.2% (Khankari,
1993). After 3 months, an increase in water content was observed after storage at 0%
RH, which may be due to moisture uptake of the hygroscopic powder during the analysis
process. After 6 months of storage, the water content of the powder decreased again.
A possible explanation for this is that the powder had more time to equilibrate in the new
relative humidity after storage for 6 months. Spray dried nedocromil sodium contained
2.8 (±0.3) moles of water after storage at 0% RH for 2 weeks. The water content was
reduced to 1.6 (±0.2) moles after storage at 0% RH for 6 months.

Generally, the results indicate that the spray dried samples stored at differing relative
humidities contained similar amounts of water in total, compared to the milled sample.
Furthermore, there is very little change in water content of samples after storage at 4%
RH to 98% RH, over a period of 6 months, except for those stored at 0% RH. This
confirmed observations made from the SEM micrographs (chapter 2) which also displayed
no further change in the sample after 6 months of storage. Any conversion of the solid
form had occurred after 2 weeks storage at the respective humidities, thus storage of the
sample over a longer period of time made no difference. This experiment showed that
both the milled and spray dried samples shared appreciable kinetic stability over 6 months.
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Figure 3.21

Gravimetric adsorption isotherm for milled nedocromil sodium stored over a
period of 6 months.
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Figure 3.22

Gravimetric adsorption isothermfor spray dried nedocromil sodium stored over
a period of 6 months.
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3.5.3 Karl Fischer Titrimetry (KFT)

KFT measures the total water content of a sample independent of the state or nature of
water binding. The water content of both milled and spray dried powders was measured
by KFT and compared to TGA data in table 3.15. The KFT results confirmed that the
weight loss displayed by TGA in the spray dried particles was due to the loss of water
molecules. However for the milled particles, the total moisture content displayed by TGA
exceeded that obtained by KFT. This result suggested that approximately 8% weight loss
of the sample was due to water, therefore the additional 2% weight loss shown by TGA
may be due to decomposition of the sample.

Moisture content (%)
Nedocromil sodium

KFT

TGA

Milled

7.93 ±0.15

9.67 ±0.13

Spray dried

9.55 ± 0.27

9.50 ±0.18

n=5 ± sd
Table 3.15

Moisture content o f milled and spray dried nedocromil sodium determined by Karl
Fischer Titrimetry.

3.5.4 Effect of pan type on dehydration process

Figure 3.23 shows the TGA weight profile for milled nedocromil sodium after storage at
85%RH, analysed in three pan types; open pans, crimped pans and pin hole lid pans. The
total heat flow determined by DSC for the same sample analysed in each pan type is
displayed in figure 3.24. The temperatures of the water loss endotherms are in good
agreement with the weight loss regions (dTGA) as shown in table 3.16.
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Figure 3.23

TGA traces of milled nedocromil sodium stored at 85%RH and analysed in an
open pan, a crimped pan and a pin hole lid pan.
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DSC traces of milled nedocromil sodium stored at 85%RH and analysed in an
open pan, a crimped pan and a pin hole lid pan.
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Open Pan

Total

Pin hole Pan

Crim ped pan

DSC
CC)

dTG
A
CC)

Mole
s
water
lost

DSC
CC)

dTGA
CC)

Moles
water
lost

DSC
CC)

67.99
(0.12)

71.00
(3.83)

7.58
(0.16)

71.74
(0.13)

84.06
(0.05)

1.06
(0.14)

70.05
(0.10)

dTGA
(T )

-

Mole
s
water
lost
-

-

-

-

96.83
(&53)

98.49
(0.00)

3.74
(0.25)

110.74
(0.81)

111.13
(0.00)

0.30
(0.01)

-

-

-

122.78
(0.32)

123.37
(0.51)

2.26
(0.21)

138.95
(0.11)

138.54
(0.00)

0.13
(0.01)

-

-

-

210.47
(0.43)

199.81
(0.51)

1.34
(0.23)

212.91
(0.34)

212.82
(0.00)

0.06
(0.00)

8.40

7.58

0.49

n=3, ±sd

Table 3.16

Peak maximum temperatures in DSC and Derivative TGA (dTGA) and water loss in
TGA fo r milled nedocromil sodium stored at 85%RHfor 6 months, and analysed in
three different pans.

Open pan TGA displayed a single step water loss (Figure 3.23 and Table 3.16)
corresponding to the DSC curve (Figure 3.24). In open pans the water can escape easily
and the weight loss is observed at the lowest temperature. Crimped pan TGA shows four
dehydration steps (Figure 3.23 and Table 3.16) which is consistent with the four
dehydration endotherms obtained in the DSC curve (Figure 3.24). In crimped pans, the
water pressure built up inside the pan produces a different dehydration pattern to that
observed in an open pan. Hence, the peak maximum of the DSC endotherm or dTGA
weight loss occurs at a higher temperature in a crimped pan than in an open pan. Pin hole
lid pan DSC displayed four dehydration endotherms (Figure 3.24 and Table 3.16),
however, the TGA curve displayed three dehydration steps (Figure 3.23).

When

comparing these two traces, it can be observed that the last three peaks are positioned at
the same temperature. This may suggest that the very first peak is not due to the loss of
water, but may be a result of the breaking down of bonds within the powder, which then
allows the water to be released. The weight losses calculated for the open and crimped
pans corresponded to the loss of between 7.5 and 8.5 moles of water, however, water loss
from the pin hole lid pan was only 0.5 moles. The type of pan used for analysis and the
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process of sealing its lid influences the data obtained, as it determines the rate of water
loss. The pin hole lid was hermetically sealed to the pan, which prevented the loss of
water from the edges of the pan during heating. Furthermore, the size of the hole in the
pan lid introduced another rate limiting step to the loss of water. The crimped pans which
were non-hermetically sealed allowed the water to escape, and the crimping process
compressed the sample which improved thermal contact between the pan and the sample.

3.5.5 Powder X-Ray diffraction (PXRD)
Powder X-ray diffraction (PXRD) scans of milled and spray dried nedocromil sodium are
shown in figures 3.25 and 3.26 respectively. The results of PXRD studies confirmed
differences in crystal structure. The PXRD pattern for the milled drug displayed sharp,
defined peaks, indicating that it was crystalline. This pattern was distinguishable fi*omthat
produced by the spray dried material (Figure 3.26) which showed a broad and diffuse
maxima due to the somewhat random arrangement of the constituent molecules which
produced poor, coherent scatters. The amorphous form of the spray dried particles was
thus confirmed by this halo pattern in the scan.
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Figure 3.25

Powder X-ray diffraction scans of milled nedocromil sodium

Figure 3.26

Powder X-ray diffraction scans of spray dried nedocromil sodium
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3.6 Conclusions
The thermal analytical methods (DSC and TGA) have shown that spray dried nedocromil
sodium undergoes thermal dehydration at lower temperatures than milled nedocromil
sodium. This indicated that the milled powder had greater stability to dehydration than
the spray dried powder, suggesting that water was more loosely bound in the spray dried
powder than in the milled. The thermograms displayed that water was lost from the spray
dried (amorphous) form in one step as opposed to two steps for the milled (trihydrate)
form. This dehydration behaviour of the powders is again related to the way in which
water is bound to their respective structures. Hence the use of thermal analysis enabled
both quantitative and qualitative evaluation of solid state modifications occurring in the
powders.
Samples stored under different relative humidities gave different thermograph profiles.
After storage of the spray dried sample at 44%RH, the DSC and TGA thermograms
obtained suggested that its amorphous form had converted to crystalline. Hence, thermal
analysis suggests that the nature of water binding in this spray dried sample is similar to
the trihydrate form of nedocromil sodium. This study would imply that the solid-state
stability of spray dried nedocromil sodium would be maintained if stored below 44% RH.
Stability studies have shown that storage of the samples for 6 months did not seem to
affect the physical stability of the drugs, regardless of the relative humidity. However, a
broadening in shape of the endotherm was observed with an accompanying shift in peak
maximum temperature. Stability studies can provide an estimation of the maximum
relative humidity and temperature that a powder can be stored, handled and transported
without degrading in any way.

Although thermal analysis techniques are not a

replacement for long-term stability studies, they nevertheless can contribute extensive
insight into the nature of molecular interactions in a drug.
The type of pan used for TGA analysis determined the rate of water lost from a milled
nedocromil sodium sample prestored at 85% RH. On heating in an open pan, 7.5 moles
of water was lost at approximately 70°C, whereas in a crimped pan, about 4.5 moles of
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water was lost below 110°C, another 2 moles lost below 140°C and 1 mole lost below
215°C. On heating in the pin hole lid pan, approximately 0.5 moles of water was lost in
total. This minimal loss of water was attributed to the size of the hole in the lid and the
process of sealing the lid to the pan.
The PXRD scans confirmed that spray drying decreased the crystallinity of the nedocromil
sodium, changing it from a crystalline structure to an amorphous one. Thus molecules of
the milled drug are much more tightly bound to each other and in a more organised order
than the molecules of the spray dried drug.
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4.1 General Introduction
The processing qualities of a powder can be greatly influenced by the quantity and state
of moisture present in it. Both the kinetics and thermodynamics of moisture sorption by
a powder are major factors to consider, as the powder may contain moisture at a level
considerably below or above the equilibrium moisture content (Tabibi and Hollenbeck,
1984).

The adsorption of the first layers o f water molecules onto a powder surface describes the
interaction between that powder and the liquid. Further adsorption of water leads to
condensation which subsequently results in a reordering of the condensed liquid molecules
to be accommodated in the structure of the bulk liquid (Buckton and Beezer, 1991).

The surface properties of a powder can influence its physical and chemical stability, ease
of production and eventual use (Buckton, 1995). Many processes including milling,
drying, and compression can greatly affect the surfaces of powders and influence crystal
lattice defects, hence modifying the functional behaviour of powders. Unfortunately, such
severe processing conditions are required for inhalation technology to achieve particle
sizes suitable for deep lung deposition (ie. <5 pm). The surface properties of powders
used in dry powder inhalers can affect characteristics such as flow and cohesiveness which
subsequently influence the ease of dosing. Microcalorimetry is one approach which has
shown potential for investigating differences in crystal form and structure, and
characterising the surface properties of powders.

4.1.1 Isothermal heat conduction microcalorimetry

Isothermal calorimetry is a technique whereby a sample is held in a cell which is
thermostated to one temperature, such that any processes which occur in the cell can
either be monitored by heat gain from, or heat loss to a heat sink (Buckton et al., 1995).
Every physical and chemical process, whether it is the metabolic activity of living species,
or the wetting of drug powders, is accompanied by changes in heat content, or enthalpy.
132

Chapter 4______________________________ Water vapour sorption analysis and microcalorimetry

Hence, microcalorimetry may be employed to investigate such processes. Although
kinetic, thermodynamic and analytical data concerning a specific reaction, can be obtained
using the microcalorimetric output, the reaction which is occurring cannot be identified
using microcalorimetry.

Advantages of microcalorimetry are that it is non-invasive and non-destructive towards
the sample and, crucially, the sample can be in any form; solid, liquid, gaseous, or any
combination. The microcalorimeter also has the ability to record all events of a reaction
in a non-discriminating fashion. For example, it can distinguish between rapid events like
wetting of drug powders and more prolonged thermal events such as degradation
processes which are accompanied by larger changes of enthalpy. Microcalorimetry
enables rapid evaluation of pharmaceutical products by detecting major reactions, and
slight increases in temperature would enable more accurate prediction of shelf-life
(Buckton and Beezer, 1991).

Differential scanning calorimetry (DSC) is frequently used for studies of reaction and
decomposition kinetics, and excipient compatibility, rather than isothermal calorimetry.
Evaluation of a material is normally performed rapidly with DSC, hence this technique is
used widely in pharmaceutical preformulation and formulation studies (Angberg et al,
1991). However, the use of DSC, which has been discussed in chapter 3, may provide
misleading conclusions about a solid-state reaction in pharmaceuticals. This is due to the
fact that, it is essential to raise the temperature of a reaction considerably in order to
detect a response in a DSC. However, the same response could be observed at near
ambient conditions in a microcalorimeter. For example, the microcalorimeter is 10,000
times more sensitive than a typical DSC, therefore, to observe a reaction with an
activation energy of 50 kJ mol ' at 20°C in a microcalorimeter, the temperature would
have to be raised by 239 (to 259)°C to observe the same reaction in a DSC experiment
(Buckton and Beezer, 1991).

Water uptake by pharmaceutical powders can make them physically unstable, resulting in
a change in crystal form.

Isothermal microcalorimetry data provide a quantitative
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characterisation of crystallinity and crystal transition, showing how and when these events
will occur. The data obtained can also help to predict the product of the crystallisation
process. This technique has been used to follow mutarotation of lactose in real time
(Angberg et al, 1992), and to interpret the recrystallisation of amorphous regions of
powder surfaces (Briggner et al, 1994; Sheridan, 1995) and spray dried salbutamol
sulphate (Buckton et al, 1995; Venthoye, 1997). Even small quantities of amorphous
material that may exist in crystals can affect the interaction between the powder and other
excipients of a formulation, leading to the physical and chemical instability of a product
(Buckton and Darcy, 1995). The transmission kinetics of moisture through powder beds
and the mechanisms of crystallisation have been studied by Buckton and Darcy (1995),
by the investigation of the influence of additives on the recrystallisation of amorphous
spray dried lactose.

4.1.1.1 Design and operation of a microcalorimeter

The instrument (figure 4.1) is composed of four independent measuring channels which
are enclosed in aluminium blocks incorporated in a water bath maintained at 25 ±
0.0002°C, which serves as a large heat sink. Each channel consists of a sample and a
reference cell, surrounded by semi-conductor thermopiles, which are highly sensitive heat
conductors capable of detecting temperature changes as small as 10'^ °C. The reference
cell allows the elimination of certain changes in temperature of the heat sink. Any process
that takes place in the sample cell produces a change in enthalpy and consequently a rapid
heat flow is generated across the thermopiles. Subsequently, the signal output from the
microcalorimeter is amplified and recorded in the form of rate of change of heat with time
(dq/dt), ie. power, as a function of time (a power-time (p-t) curve). Interpretation of the
signal output can be difficult as microcalorimetry is non-specific. Nevertheless, it can be
assured that a process is occurring in a sample, whenever a signal is significantly different
from the baseline (Angberg et al, 1991).
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Figure 4.1

Functional design of the 2277 Thermal
activity monitor, TAM.
(Taken from the TAM manual).

In order to employ this technique for investigating only one physical process,
microcalorimetry experiments must always be planned and monitored carefully. Planning
entails the choice of a suitable blanking experiment for the reference cell. Monitoring
entails trying to exclude all other superficial and artefactual reactions that may affect the
observed signal, due to the sensitivity of the instrument. Examples of such effects
includes any water evaporation on the outside of a sample cell, or other losses of volatile
substances from items like labels or even fingerprints (Buckton and Beezer, 1991).

Batch or flow experiments can be performed using the microcalorimeter. A batch
experiment is performed using a glass ampoule into which the sample and a glass tube
containing a saturated salt solution (to give a specific % RH) are placed.

Flow

experiments require the use of a flow or perfusion cell, which is discussed in section
4.1.1.2. In order to investigate different characteristics of the samples, both batch and
flow experiments were performed in this project.
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4.1.1.2 Flow (perfusion) cell microcalorimetrv
Flow microcalorimetry is a technique whereby vapours of different humidities are passed
over a powder. The powder can be exposed either to a range of % RH in steps of
increasing % RH (step experiment) or in constantly increasing % RH (ramp experiment).

A flow cell (Figure 4.2) which is also known as a perfusion cell, allows experimental
conditions to be manipulated during a run. It consists of a flow divider and five chambers
interconnected by stainless steel tubes.

Vapour in

Flow divider

Vapour out

Cham bers
containing water

Wet line

D r\ line

Exhaust line

Sam ple cell
Sam ple

Figure 4.2

Diagram o f a flo w cell
(taken fro m Ahfat, 1998).
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The sample is placed in the test chamber at the bottom of the cell. One main inlet tube is
attached to the flow cell, through which nitrogen gas from a cylinder is pumped at a flow
rate of 3 ml/min. The nitrogen flow is divided into two separate lines, where one line
transfers dry nitrogen directly to the sample cell and the other line passes through a series
of humidity chambers in order to achieve water vapour of the required humidity over the
sample. A third exhaust tube enables vapour to be removed from the sample cell.
Experiments can be run at any humidity, and because the sample does not have to be
transferred as in the case of desiccator work, its exposure to the determined humidity is
more precise.

4.1.1.3 Ampoule-based (batch) microcalorimetry
Batch microcalorimetry experiments are based on sealing the powder in a glass ampoule
with a tube containing a saturated salt solution, which controls the humidity (Briggner et
al, 1994). A saturated salt solution is chosen which will cause the amorphous powder to
recrystallise. A schematic diagram of the experimental set up is shown in figure 4.3.
After the powder is exposed to the vapour, any amorphous material in the sample will
recrystallise. This recrystallisation event can be monitored in real time using the data
obtained from microcalorimetry. The location of the vapour source within the ampoule
is important, such that it does not mask any small thermal response due to changes in
crystallinity within the powder. This is of particular relevance because the wetting of the
powder is matched by an almost equal and opposite vaporisation from the saturated salt
solution (Buckton and Darcy, 1995).

w a t e r or
saturated
salt
solution
powder
Figure 4.3

Ampoule containing drug and
saturated salt solution (taken
from Angberg, 1992)
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4.1.2 Water vapour sorption analysis (WVSA)
Almost all materials are vulnerable to the presence of moisture or water vapour by
different mechanisms (e.g. surface adsorption or bulk absorption). Hence, understanding
the interaction of water with different materials is crucial for improving our understanding
of almost all sorts o f materials.

Water vapour sorption analysis (WVSA) monitors the weight of water adsorbed as a
function of humidity. Adsorption and desorption isotherms can subsequently be obtained
which could aid in the proposal of drug entities suitable for dry powder inhaler dosage
forms.

A moisture sorption isotherm, which provides a more significant description of the water
sorption process, is the relationship between water relative vapour pressure and
equilibrium moisture content. The dynamic vapour sorption microbalance (DVS-1
Surface Measurement Systems, UK) employed in this study monitors the water vapour
sorption/desorption behaviour of the material, following exposure to a series of relative
humidity environments. The DVS microbalance effectively operates on a similar principle
to that of a weighing balance. DYS offers more accurate measurements of weight gain
to be made using an accurate humidity and temperature controlled microbalance.
Experiments can be run at any humidity, which minimises the use of less reliable
desiccator work.

4.1.2.1 Design and operation of DVS
The DVS instrument (Figure 4.4) is based on a Cahn microbalance (Cahn DVS-200
microbalance, Cahn USA) encased in an incubator to regulate temperature. Suspended
on this microbalance are two glass pans, one reference (empty) and one sample pan. The
pans are positioned opposite one another and are each encased in a glass tube. The lower
section of this tube can be pulled down in order to clean and load the sample into the pan.
Regulation of humidity was performed by the flow of dry nitrogen through switching
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valves. These valves are responsible for establishing the amount of the total nitrogen flow
to pass through a humidification stage (Buckton and Darcy, 1995).

Cahn D -200

D -200 Balance

m icrobalance

C ontrol unit

C om puter

Hang-dow n

IT
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Electronic
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T

J

N itrogen
inflow

M ass flow
controllers

—

Figure 4.4

Incubator

Schematic diagram of the DVS instrument
(taken from Ahfat, 1998).

A region of constant moisture concentration, relative humidity, is established around the
sample as the humid air passes over the sample. By varying the relative humidity of the
air, the sample mass can be monitored as a function of time, and a wide range of
physicochemical aspects of moisture behaviour can be studied including, equilibrium
moisture content and sorption/desorption isotherms (DVS Handbook). The DVS
instrument is operated using a computer controlled programme, allowing the user to
specify the number of experimental cycles and sorption/desorption stages, the relative
humidity for each stage and the period that the humidity is maintained.
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4.1.3 Aims

Isothermal microcalorimetry was adopted in these studies, to investigate the surface
energetics of milled and spray dried powder, by measuring its interaction with water
vapour and to further monitor any changes when stored under humid conditions. This
technique can be used to quantify the degree of disorder in the powder, even when the
amorphous material exists in small quantities (Ahmed et al, 1996). This is unlike
differential scanning calorimetry (DSC) and X-ray powder diffraction (XRPD) which can
quantify the disorder if the amorphous content is large enough.

Microcalorimetry is a suitable technique for investigating the effects of varying the spray
drying conditions, on the amorphous powder produced. Preliminary studies were carried
out in chapter 2 to ascertain optimum spray drying conditions for nedocromil sodium.
Microcalorimetry was used to detect any subtle differences in the samples. These were
performed after spray drying but are presented here to keep results in context.

Another aim of this study is to use an accurate humidity and temperature controlled
microbalance system (dynamic vapour sorption) to characterise the interaction of water
vapour with milled and spray dried nedocromil sodium by studying the adsorption and
desorption behaviour of both solids at room temperature.

4.2 Materials
Milled nedocromil sodium (trihydrate)
Batch no. 3746E
(Rhône-Poulenc Rorer Ltd., Cheshire, UK).

Spray dried nedocromil sodium
(preparation was as described in section 2.2.2.1).
I(Feed conc.: 10%w/v ; Inlet temp.: 200°C)
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Sodium chloride
Lot no. 4722840G
(BDH Laboratory supplies, Poole, UK.)

4.3 Methods
4.3.1 Water Vapour Sorption Analysis (WVSA)

A sample of nedocromil sodium was previously spray dried from solution in water using
a Büchi mini spray dryer type 190, as described in section 2.2.2.1. The collected material
was first dried under vacuum at 24®C, 100 mbar, for 24 hours and then placed in a
desiccator containing silica gel, to minimize uptake of moisture. The moisture sorption
properties of milled and spray dried nedocromil sodium were analysed using a humidity
controlled microbalance system (Dynamic Vapour Sorption apparatus. Surface
Measurement Systems, UK) at 25 and 40®C. A small amount of sample was placed onto
one side of the twin pan balance (within the DVS) which is exposed to a continuous flow
of air with a predetermined and constant relative humidity. A sample size of 20 mg for
the milled sample and 10 mg for the spray dried sample was chosen as appropriate, taking
into consideration the homogeneity of the sample and the speed of analysis. The spray
dried amorphous powder is very hygroscopic and would sorb large quantities of water,
hence a smaller mass was used. The computer controlled programme was set to regulate
the humidity at 0%, in order to dry the sample until a constant weight was achieved.

A two-cycle experiment recording the mass change of milled and spray-dried nedocromil
sodium due to water sorption or desorption, following exposure to between 0%RH and
90%RH, raising the humidity in increments of 10%RH, was set up. Once a sample was
loaded and the mass reading stabilised, the microbalance was tared. Any uptake or loss
in mass was then relative to the zero reading. The humidity was specified by the operator,
the instrument began to generate the desired humidified air and the experiment
commenced. Once constant mass was achieved at each step, the DVS’s software
automatically moved from one sorption step to the next. This equilibrium was determined
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by setting a desired rate of change of mass with time, dw/dt, of 0.002 %/min. After the
first sorption/desorption cycle was completed, the sample was then dried at 0%RH and
a second sorption/desorption cycle was repeated without changing the powder sample.
This second cycle was performed in order to investigate whether any further change in the
sample was produced. This process was repeated on at least three different samples for
each powder.

An incubator was used to maintain the sample and the microbalance at a uniform
temperature. Before opening the outer door of the instrument to load a sample, the
incubator should be switched off. This in turn switches off the fan automatically and
prevents air turbulence during the loading of the sample.

The sorption behaviour of the milled and spray dried powders was monitored at 25 and
40°C. It was therefore necessary to calibrate the microbalance using a 100 mg weight at
both temperatures. This was carried out by placing the weight into the tared sample pan
and once the mass reading had stabilised (100 ± 0.002 mg), this weight was recorded.

4.3.2 Microcalorimetry

Measurements were carried out on milled and spray dried nedocromil sodium using an
isothermal microcalorimeter (Thermometric AB, Sweden), which consists of a Thermal
Activity Monitor (2277 TAM) in a temperature controlled room held at 20°C.

4.3.2.1 Flow (perfusion) cell microcalorimetry

In each case, approximately 20 mg of the sample was accurately weighed into the test cell,
a cylindrical stainless steel vessel. The flow cell was always handled with latex gloves, in
order to prevent grease ft-om hard surfaces causing inaccurate readings. The flow cell was
assembled, lowered halfway into the calorimeter and equilibrated for 30 minutes. The
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cell was then lowered completely down the channel into the measuring position, where
it was equilibrated for a further 30 minutes before starting the experiment.

The

computer’s data collecting programme was started after this equilibration period. The
powder was then exposed to humidities between 0 and 90%, increased at increments of
10% RH (i.e. 0-10%, 10-20%, etc.), within the flow cell, controlled by the dry and wet
line. The first humidity of 0% RH allows the sample to be dried. The % RH was then
switched automatically to the next step by the TAM accessory interface.

The

experimental temperature was 25.0°C.

The signal output from the microcalorimeter was recorded in the form of the rate of
change of heat {dq/dt% i.e. power, as a function of time. For the milled drug, each
measurement lasted for approximately 4 days to observe the series of signals
corresponding to the different humidities. Measurements for the spray dried drug lasted
about 6 days to monitor the appearance of the signals. Experiments were performed in
triplicate for both powders.

4.3.2 2 Ampoule based microealorimetry (Effect of spray drying conditions)

Amorphous powders of nedocromil sodium were prepared by spray drying an aqueous
solution at varying inlet temperatures (150, 175 and 200°C) and feed concentrations (5
and 10% w/v). A detailed account of the spray drying procedure has been presented in
chapter 2.

The amorphous powder (30.00 mg) was accurately weighed into the bottom of a 3 mL
glass ampoule designed for use in the calorimeter. A small Durham tube containing a
saturated salt solution, (sodium chloride, 75%RH at 20°C) was placed into the ampoule,
in such a way as to enable the vapour to escape, and yet not allow the liquid be in contact
with the powder. The ampoule was rapidly crimp-sealed with an aluminium over-cap
containing an integral seal made of inert Teflon coated butyl rubber, in order to make an
air-tight closure. The whole assembly was then lowered halfway into the calorimeter with
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a reference (empty 3 mL glass ampoule) and equilibrated (at 25°C) for 30 minutes. The
reference compensates for any environmental or instrumental interference, such as heat
effects due to relaxation of the rubber seal of the ampoule, salt solution evaporation and
the baseline drift (Briggner et al., 1994). The ampoule was then lowered slowly and
smoothly into the measuring position before starting the experiment. The computer’s data
collecting programme was then started, to record the output fi^om the calorimeter in the
form o f rate of change of heat {dq/dt\ i.e. power, as a function of time.

The experiment was allowed to continue for at least 2 h post peak maximum or 24 h if no
peak was seen. All experiments were performed in triplicate.

4.4 Results and Discussion
4.4.1 Water Vapour Sorption Analysis (WVSA)

The mass change of milled and spray dried nedocromil sodium due to water sorption or
desorption at the same temperature (25®C) was measured by the DVS apparatus. In
figure 4.5, atypical profile for the moisture uptake and loss for milled nedocromil sodium
at different relative humidities ranging from 0-90%, is shown as a plot of the mass uptake
(mg) as a function of % RH and time. The % RH steps for the sorption cycle (0-10%, 1020%, etc.) and the desorption cycle (90-80%, 80-70%, etc.) are illustrated by the blue
line. The corresponding changes in mass of the sample are represented by the red line.
As the powder is exposed to higher relative humidities, the mass uptake also increases.
This is fairly typical because as the % RH is increased, the water molecules bind to the
sample surface and an increase in weight is expected.

Data for the sorption phases of two-cycle experiments are shown in figure 4.6. The data
obtained was then used to construct the sorption/desorption isotherm hysteresis, displayed
in figure 4.7. It can be observed that there is a difference between the first and second
cycles.
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DVS mass plot oj milled nedocromil sodium as a function of time and %RH.

Figure 4.5

The results o f this experiment are summarised in table 4.1.

%RH

% Mass change

Mass change (mg)

0

0

0

10

2.596 (±0.318)

0.615 (±0.042)

20

8.193 (± 0.035)

1.954 (±0.201)

30

8.500 (± 0.021)

2.027 (± 0.207)

40

8.586 (± 0.024)

2.047 (± 0.209)

50

8.667 (± 0.024)

2.066 (± 0.211)

60

8.755 (± 0.022)

2.087 (±0.213)

70

8.830 (± 0.025)

2.105 (± 0.214)

80

8.928 (± 0.022)

2.128 (± 0.216)

90

9.167 (± 0.017)

2.185 (± 0.220)

(n=3, ± sd)

Table 4.1

Water Vapour Sorption Analysis data for milled Nedocromil Sodium
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In the first cycle, the milled sample sorbed large amounts of water (8%w/w) up to
20%RH. This illustrates the point at which trihydrate formation has occurred. After
20%RH, the moisture uptake of the sample was minimal (0.08% weight increase) until
80%RH, where there was a significant increase in moisture uptake (0.24% weight
increase) up till 90%RH. The adsorption which takes place at high RH is potentially due
to hydrogen bonding between water and the polar groups of nedocromil sodium. Water
uptake at high RH may also be attributed to capillary condensation on microcracks in the
particles (Chan and Gonda, 1995). The desorption isotherm followed a similar profile
until 20%RH, where a considerable amount of moisture is lost in one step instead of the
two steps displayed in the sorption isotherm. This is indicated by a hysteresis in figure
4.7. These results are in good agreement with TGA data which displayed a water uptake
of ~8%w/w at 11%RH.

The results obtained in chapter 3 of this thesis, suggest the formation of a
heptahemihydrate at 85% and 98%RH. However, this was in contrast to the findings
obtained in these DVS experiments. A feasible explanation for this is that in the DVS
analyser, the powder was dried at 0% relative humidity, before it was exposed to the
higher humidities. In the case of the gravimetric adsorption studies, the powder was not
dried before storage in the desiccators.

The technique of gravimetric adsorption

(desiccator work) has limitations in that while weighing the samples, water adsorption and
desorption may occur rapidly, hence introducing errors in the weight recorded on the
balance. Another possible reason for the lack of heptahemihydrate formation could be
that it only forms on very prolonged storage at elevated humidity, or when heat is applied
as in the case of the TGA experiments.

A typical profile for the moisture uptake and loss of spray dried nedocromil sodium at
different relative humidities ranging from 0-90%, is shown in figure 4.8 as a plot of the
mass uptake (mg) as a function of % RH and time. The water vapour sorption studies
showed that the spray dried amorphous sample sorbed larger amounts of water vapour
compared to the milled crystalline sample. The results of this experiment are summarised
in table 4.2.
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Figure 4.6

Two-cycle D VS mass plot of milled nedocromil sodium.
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Sorption and desorption isotherms for milled nedocromil sodium.
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Figure 4.8

DVS mass plot of spray dried nedocromil sodium as a function of time and
%RH.

%RH

% Mass change

Mass change (mg)

0

0

0

10

3.910 (± 0.425)

0.446 (± 0.065)

20

6.813 (±0.586)

0.780 (± 0.126)

30

11.070 (±0.433)

1.274 (± 0.244)

40

16.100 (± 0.442)

1.856 (± 0.371)

50

10.863 (±0.278)

1.252 (±0.242)

60

10.990 (± 0.278)

1.266 (± 0.246)

70

11.153 (± 0.278)

1.285 (± 0.250)

80

11.390 (± 0.272)

1.313 (± 0.256)

90

12.563 (± 0.291)

1.447 (± 0.281)

n=3, ± sd

Table 4.2

Water Vapour Sorption Analysis data for spray dried Nedocromil Sodium
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Figure 4.9 shows the percentage change in mass of the spray dried sample as a function
of relative humidity for two complete cycles in sorption and desorption. The data show
a dramatic difference between the first sorption cycle and the second cycle, which can be
attributed to irreversible moisture induced morphological changes in the sample. The
shape of the first sorption isotherm (also shown in figure 4.8) displayed a higher weight
gain due to water absorbing into the amorphous regions, compared to the second sorption
process. In the first cycle, the sample takes up 15.8% by mass of moisture below 50%RH
as would be expected for the crystallisation of an unstable amorphous material, however
above 50%RH there is a sharp loss in mass to approximately 10.8%. Between 50 and
60%RH, the moisture uptake reaches a peak level which is followed by a fast decrease in
the moisture content.

This indicates that crystallisation has occurred.

Upon

crystallisation, the excess moisture that was absorbed is removed from the sample with
subsequent weight loss and the process is irreversible. The loss of the sorbed moisture
is due to the transformation of the amorphous nedocromil sodium to the crystalline state.
Once the sample had crystallised, it continued to take up moisture until 90%RH, behaving
in a very similar manner to the crystalline milled sample, (Figure 4.6). A relatively small
uptake of moisture is observed in the second cycle, and shows similar moisture sorption
behaviour to the milled sample. The crystalline phase has a much lower affinity for
moisture than the amorphous phase and hence the excess moisture is released as unbound
or free moisture.
Previous studies on amorphous powders have stated that water vapour sorption increases
the molecular mobility of the solid by breaking their hydrogen bonds and substituting them
with labile water-solid hydrogen bonds (Ahlneck and Zografi, 1990). The transformation
of the amorphous nedocromil sodium to the crystalline state is a result of this increased
molecular mobility.
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Sorption and desorption isotherms for spray dried nedocromil sodium.
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The sorption and desorption isotherms for both the first and second cycles are shown in
figure 4.10. This graph clearly illustrates that the morphological transformation is
irreversible, with the second cycle showing a very straight forward moisture sorption
response with practically no hysteresis.

The distinct hysteresis in the adsorption-

desorption curve of the first cycle shows that practically all accommodated water is
absorbed inside the particles of spray dried nedocromil sodium and only a small amount
is adsorbed on the particle surfaces. The isotherm data also shows that approximately
1.3% moisture is irreversibly bound to the sample after the first cycle. The formation of
a crystalline hydrate, or encapsulation of moisture by the crystalline phase may cause this
to occur.
For both the milled and spray dried powder, the increase in weight change due to
absorbed water is observed from the lowest humidities (Figures 4.7 and 4.10
respectively), however the isotherm joins the responses observed for the second cycle at
high humidities.

4.4.1.1 Effect of temperature on the sorption profiles

The effect of increasing temperature on the moisture sorption isotherms of milled and
spray dried nedocromil sodium was investigated. Data for the sorption phases of twocycle experiments at 40°C are displayed in figures 4.11 and 4.12 for milled and spray dried
drug respectively. The data obtained was then used to construct the sorption/desorption
isotherm hysteresis, displayed in figures 4.13 and 4.14, for the milled and spray dried drug
respectively.
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Two-cycle D VS mass plot of milled nedocromil sodium performed at 40"C.
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Two-cycle D K9 mass plot of spray dried nedocromil sodium performed at 40"C.
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Tables 4.3 and 4.4 show the comparison of water uptake at 25®C and 40®C of the two
powders. This is displayed graphically in figures 4.15 and 4.16, for the milled and spray
dried powder respectively.

W ater uptake (%w/w)
% RH

25“C

40“C

0

0.000(± 0.000)

0.010 (±0.002)

10

2.596 (±0.318)

0.499 (± 0.027)

20

8.193 (±0.035)

7.940 (±0.021)

30

8.500 (±0.021)

8.516 (±0.034)

40

8.586 (± 0.024)

8.606 (± 0.034)

50

8.667 (± 0.024)

8.685 (±0.031)

60

8.755 (± 0.022)

8.762 (± 0.032)

70

8.830 (± 0.025)

8.831 (±0.034)

80

8.928 (± 0.022)

8.910 (±0.031)

90

9.167 (±0.017)

8.892 (± 0.055)

(n=3, ± sd)
Table 4.3

Effect o f temperature on % water uptake o f milled nedocromil sodium

The effect of increasing the temperature from 25°C to 40°C on the water vapour sorption
behaviour of milled nedocromil sodium is displayed in table 4.3. In general, the water
uptake at both temperatures was very similar. However, at 10%RH, less water uptake
was required to cause a change in transition at 40®C. This can be observed in the profiles
in figure 4.15.
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W ater uptake (%w/w)
%RH

25“C

40“C

0

0.000

0.013 (±0.012)

10

3.910 (±0.425)

4.403 (±0.170)

20

6.813 (±0.586)

6.963 (±0.136)

30

11.070 (±0.433)

10.297 (±0.103)

40

16.100 (±0.442)

14.283 (±0.118)

50

10.863 (±0.278)

11.050 (±0.096)

60

10.990 (±0.278)

11.190 (±0.096)

70

11.153 (±0.278)

11.337 (±0.107)

80

11.390 (±0.272)

11.367 (±0.134)

90

12.563 (±0.291)

11.970 (±0.187)

(n=3, ± sd)
Table 4.4

Effect o f temperature on % water uptake o f spray dried nedocromil sodium

The effect of increasing the temperature from 25°C to 40°C on the water vapour sorption
behaviour of spray dried nedocromil sodium is displayed in table 4.4. It was at the crucial
point in the transition of the solid, that a lower water uptake level was required to induce
crystallisation at 40°C. Hence, the amount of water vapour required to crystallise the
amorphous nedocromil sodium powder was controlled by temperature. This can be
observed in the profiles in figure 4.16.
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The water vapour adsorption isotherm oj milled nedocromil sodium at 25 and
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The water vapour adsorption isotherm of spray dried nedocromil sodium at 25
and40“C. n = 3 ± s d
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4.4.2 Microcalorimetry

Typical microcalorimetric outputs for milled and spray dried nedocromil sodium are
shown in figures 4.17 and 4.18 respectively. These data are the signal output of power
as a function of time obtained for nine sequential changes in humidity, increasing by
increments of 10%RH (0-10%, 10-20%, etc.). This information is a function of the
number of water molecules sorbing and the enthalpy change is correlated with each
individual bond.

The endothermie response observed on the power-time curve at the start of the
experiment, was due to the sample being dried at 0% RH. The power output declines to
a negative value on the curve, as heat is being absorbed from the heat sink. The
substantial endotherm seen in figure 4.17 was due to the loss of some hydrate water from
the sample. When the % RH changes from 0 to 10% RH, water vapour is presented
above the sample resulting in an exothermic response, which is observed on the power
time curve as a positive power output. The sharp peaks obtained display an instant onset
after the humidity is changed, which then declines exponentially to the baseline. A distinct
difference was observed between the shape of peaks obtained for the milled and spray
dried powder. In the case of the milled powder, a more pronounced peak was obtained
at 20%RH, which is indicative of a transition in the crystal form of the material, namely
the formation of a trihydrate. Although the peaks obtained at 10% and 30%RH are not
as pronounced as the one at 20%RH, they are still larger than the peaks obtained from
40% to 90%RH. This may possibly be due to the hydrate formation occurring at 10%,
20% and 30%RH. The baseline was seen to shift upwards before the series of peaks were
observed. This may be due to a small change in heat capacity of the sample.

The areas under each peak for both milled and spray dried samples correspond to the
enthalpy of reaction of water at a particular % RH with the powder. This area under each
curve was measured using the TAM software and converted into joules (J). This
calorimetric output is directly proportional to adsorption of water onto the powder at
increasing humidity. Hence this value was then converted into J/g of water adsorbed onto
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Microcalorimetric data output for milled nedocromil sodium.
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Microcalorimetric data outputfor spray dried nedocromil sodium.

that weight o f powder. Three replicates were undertaken and the mean heat output
displayed in tables 4.5 and 4.6. The areas under the curve corrected for weight for both
the milled and spray dried samples, are displayed in tables 4.7 and 4.8 respectively.
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Relative humidity
(%)

M icrocalorimetric heat output

10

0.441 ± 0.055

20

5.672 ± 0.330

30

0.540 ±0.194

40

0.076 ± 0.005

50

0.067 ± 0.009

60

0.075 ± 0.003

70

0.072 ±0.010

80

0.101 ±0.011

90

0.173 ±0.015

(J)

(n=3, ± sd)
Table 4.5

Data from microcalorimetric measurements o f milled nedocromil sodium
at various relative humidities.

Relative humidity
(% )

M icrocalorimetric heat output

10

2.095 ± 0.400

20

1.298 ±0.205

30

1.860 ±0.308

40

2.293 ± 0.416

50

3.848 ± 1.238

60

-5.002 ±0.710

70

0.074 ± 0.033

80

0.084 ±0.010

90

0.248 ±0.129

(J)

(n=3, ± sd)
Table 4.6

Data from microcalorimetric measurements o f spray dried nedocromil
sodium at various relative humidities.
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The microcalorimetry data display different water sorption behaviour between the milled
and spray dried powders, which is consistent with the WVSA results obtained in section
4.4.1. Whereas the crystalline milled form adsorbs very little water after 20%RH, the
amorphous spray dried form absorbs large quantities of water at RHs up to 60%, then a
very sudden response occurs at 60%RH when the amorphous material in the sample
recrystallises. The negative heat loss at 60%RH (Table 4.6) relates to this crystallisation
process occurring within the sample. After this event, the sample then starts to adsorb
(rather than absorb) water behaving in a very similar manner to the crystalline milled
powder. As can be seen from figure 4.17, an initial endothermie peak at 60% RH is
followed by a sharp exothermic reaction. When the amorphous powder absorbs so much
water into its structure, there is an increase in weight causing the amorphous regions to
be plasticised. This allows the molecules in the material to become mobile enough to
enable recrystallisation to occur. The water that was absorbed on crystallisation is
discharged from the material resulting in weight loss. This is in keeping with other
amorphous powders which are known to recrystallise due to water vapour absorption,
(Buckton and Darcy, 1995).

The enthalpies of reaction were converted to Joules per gram of sample used, for the
milled and spray dried powders in tables 4.7 and 4.8 respectively. The data presented in
table 4.7 indicate that at 20%RH, a large positive value for enthalpy of adsorption was
obtained. This represents an exothermic process and also demonstrates that the sample
has favourable interaction with water at 20% RH, indicating hydrate formation. The
higher enthalpy of adsorption values obtained for spray dried nedocromil sodium, (Table
4.8), indicate that the interaction between water and the spray dried material is more
favourable and more exothermic than for the milled material (Table 4.7). This larger
release of heat is inevitable with spray dried nedocromil sodium due to the water sorption
behaviour of such an amorphous material (Van den Berg, 1981). The sorption o f water
vapour onto crystalline powders such as milled nedocromil sodium would not release a
large amount of heat.
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Relative Humidity (%)

Enthalpy of adsorption (J/g)

10

18.268 ± 1.558

20

235.611 ±6.326

30

22.623 ± 8.730

40

3.176 ±0.293

50

2.770 ± 0.280

60

3.132 ±0.051

70

2.989 ± 0.488

80

4.214 ±0.539

90

7.198 ±0.834

(n=3, ± sd)
Table 4.7

Enthalpy o f adsorption o f water by milled nedocromil sodium at various relative
humidities.

Relative Humidity (%)

Enthalpy of adsorption (J/g)

10

95.130 ± 10.771

20

59.047 ±5.333

30

84.806 ±11.452

40

104.289 ± 12.895

50

174.015 ±46.170

60

-230.415 ±46.020

70

3.329 ± 1.199

80

3.852 ±0.704

90

11.094 ±4.977

(n=3, ± sd)
Table 4.8

Enthalpy o f adsorption o f water by spray dried nedocromil sodium at various relative
humidities.

The cumulative values of the enthalpies of adsorption were calculated for the milled and
spray dried samples, and are shown in tables 4.9 and 4.10 respectively.
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Relative Humidity (%)

Cumulative enthalpy of
adsorption (J/g)

10

18.268 ±1.558

20

253.879 ±7.564

30

276.501 ±3.260

40

279.678 ± 3.440

50

282.448 ±3.179

60

285.580 ±3.184

70

288.569 ±3.314

80

292.783 ± 3.700

90

299.981 ±4.154

(n=3, ± sd)
Cumulative enthalpy o f adsorption as a function of humidity for milled nedocromil
sodium.

Table 4.9

Relative Humidity (%)

Cumulative enthalpy of
adsorption (J/g)

10

95.130 ± 10.771

20

154.177 ± 15.884

30

238.983 ±25.125

40

343.272 ±38.010

50

517.287 ±84.112

60

286.872 ± 129.244

70

290.202 ± 130.029

80

294.054 ± 129.744

90

305.148 ± 134.488

(n=3, ± sd)
Table 4.10
Cumulative enthalpy o f adsorption as a function o f humidity fo r spray dried
nedocromil sodium.

Adsorption isotherms for water with the powders were obtained by plotting the
cumulative values of the enthalpies of adsorption as a function of humidity, for the milled
and spray dried powders in figures 4.19 and 4.20 respectively.
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Sorption isotherm of milled nedocromil sodium.
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Sorption isotherm of spray dried nedocromil sodium
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The profile o f the sorption isotherm for milled nedocromil sodium (Figure 4.19), displays
a rapid rise in the quantity o f water sorbed up to 20%RH and water binding tightly to the
milled powder. This illustrates the point at which trihydrate formation has occurred.
After 20%RH, the profile o f the adsorption isotherm indicates that the polymorphic form
remains stable. It was noted that after the spray dried powder had crystallised at 60%
RH, the cumulative enthalpies obtained between 60% and 90% RH (Table 4.10) were
similar in value to the milled powder (Table 4.9). This may indicate that the spray dried
material crystallises to the same hydrate form as the milled material. This supports the
findings discussed in sections 3.5.2.1 (thermal analysis) and 4.4.1 (water vapour sorption
analysis) which suggested that after the spray dried sample had crystallised, its moisture
uptake characteristics was very similar to the crystalline milled sample.

The microcalorimetric heat output is directly proportional to the quantity of water
adsorbed.

However, this quantity of water cannot be quantified by using

microcalorimetric data alone. Data obtained from the WV SA for the same powders at the
same temperature, (discussed in section 4.4.1 ), i.e. the exact amounts of water uptake at
each target relative humidity, was correlated to the calorimetric data in order to determine
the surface energetics and thermodynamic parameters of the powders. The experimental
conditions can be presumed to be the same in both circumstances, (Buckton and Beezer,
1988). The heat output (J) was hence converted into J/g (Tables 4.11 and 4.12) of
adsorption water onto that weight of powder. This relationship is displayed graphically
in figures 4.21 and 4.22, for the milled and spray dried powder respectively.

The profile obtained for the milled powder (Figure 4.21) displayed a dramatic rise in heat
output up to 20% RH, which supports previous findings of the trihydrate formation.
After 20% RH, there was a sharp decline in heat output followed by a consistently low
heat output with an increase in humidity. This concluded that no significant interactions
between the powder and water vapour had occurred at these humidities. A higher heat
output associated with water was obtained for the spray dried powder (Table 4.12),
confirming that it absorbs larger quantities of water than the milled powder. The profile
obtained for the spray dried powder (Figure 4.22) displayed a large negative heat output
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at 60% RH, which was associated with the crystallisation of the sample. Following this
event, the sample began to adsorb water which was reflected in the positive heat output.

Relative Humidity
(%)

M icrocalorimetric heat
output (J)

Heat output associated
with w ater (J/g)

10

0.441 ± 0.055

719.725 ±49.864

20

5.672 ± 0.330

2924.887 ±315.355

30

0.540 ±0.194

268.411 ± 28.808

40

0.076 ± 0.005

37.400 ± 4.000

50

0.067 ± 0.009

32.662 ±3.496

60

0.075 ± 0.003

36.193 ±3.866

70

0.072 ±0.010

34.454 ±3.677

80

0.101 ±0.011

47.800 ±5.091

90

0.173 ±0.015

79.726 ± 8.398

(n=3, ± sd)
Table 4.11

Microcalorimetric heat output associated with water for milled nedocromil sodium

Relative Humidity
(%)

M icrocalorimetric heat
output (J)

Heat output associated
with w ater (J/g)

10

2.095 ± 0.400

4755.388 ±637.010

20

1.298 ±0.205

1690.908 ±249.533

30

1.860 ±0.308

1493.222 ±264.545

40

2.293 ±0.416

1266.736 ±235.697

50

3.848 ± 1.238

3148.545 ±577.483

60

-5.002 ±0.710

-4046.001 ± 744.098

70

0.074 ± 0.033

58.993 ± 10.870

80

0.084 ±0.010

65.562 ± 12.118

90

0.248 ±0.129

175.551 ±32.573

(n=3, ± sd)
Table 4.12

Microcalorimetric heat output associated with water fo r spray dried nedocromil
sodium.
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Relationship between the % relative humidity and the microcalorimetric heat
output associated with water for milled nedocromil sodium. n=± sd
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Relationship between the % relative humidity and the microcalorimetric heat
output associated with waterfor spray dried nedocromil sodium. /i= i± sd.
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4.4.2.1 Effect of spray drying conditions on microcalorimetry traces

A typical response of the spray dried powder after it has been exposed to 75% RH in the
isothermal microcalorimeter is shown in figure 4.23. The trace shows a small response
after about 4 hours which is believed to be the net difference between the enthalpy of
vaporisation of the saturated salt solution and the enthalpy of sorption to the powder,
(Ahmed et al., 1996). A second exothermic peak was observed after approximately 6
hours, which is due to the crystallisation of the amorphous material. The sharpness of the
peak demonstrates that the crystallisation process is extremely rapid and cooperative, such
that the material effectively all recrystallises at the same time. The sharp peak was
immediately followed by a smaller, broader peak.

0,8

!- 0.6
0.4

0.2

-

0.2
Time (hrs)

Figure 4.23

A typical response obtained using the isothermal microcalorimeter where
amorphous nedocromil sodium has been exposed to 75%RH.
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Preliminary investigations were carried out in chapter 2 to determine the effect o f spray
drying conditions on the spray dried product. M icrocalorimetry was used to detect any
subtle differences in the samples. Typical microcalorimetric responses obtained for
reerystallisation o f the amorphous samples spray dried at varying conditions, are shown
in figure 4.24. It can be seen that the traces are similar in appearance, however, the lag
time before reerystallisation varied. Increasing the feed concentration from 5 to 10% w/v,
decreased the lag time at the inlet temperature o f 150°C. This response could be related
to the am ount o f water remaining in the powders post spray drying. The smaller peak
which followed the sharp reerystallisation one was seen to become broader when the inlet
temperature used during the spray drying process was increased from 150°C to 200°C.
As was concluded previously, varying the inlet temperature and feed concentration
showed no clear trends in the spray dried product’s particle size. The same presumption
was established here, however, the differences in the microealorimetric traces may suggest
subtle disparities in the spray dried product.

_

— 150oC,5%mV

0. 8 -

£

— 150oC, 10%mV

I

— 200oC, 10°/(Wv

— 200oC, 5%w/v

0.40.2

-

-0.2 J

Time (hrs)

Figure 4.24

Typical microcalorimetric responses obtained for reerystallisation of the
amorphous samples spray dried under varying conditions, exposed to 75%RH.

168

Chapter 4______________________________ Water vapour sorption analysis and microcalorimetrv

4.5 Conclusions
The isothermal microcalorimetry data has provided a quantitative characterisation of
crystallinity and crystal transition in the milled and spray dried powders. Using a
combination of the data obtained from this method and DVS, thermodynamic parameters
were calculated to help predict the mechanism of wetting of the powders.

The microcalorimetry and DV S data displayed different adsorption behaviour between the
milled and spray dried powders, demonstrating that they may experience complicated
moisture induced structural changes. For the milled sample, the large positive value for
enthalpy of adsorption at 20%RH, represented an exothermic process and also
demonstrated that the sample has favourable interaction with water at this relative
humidity. After 20%RH, the adsorption isotherm indicated that the polymorphic form
remained stable.

The higher enthalpy of adsorption values obtained for the spray dried sample portrayed
that this powder favoured greater interaction with water than the milled material.
Microcalorimetry and DVS have also been used to monitor and interpret reerystallisation
of the amorphous spray dried powder. Results have shown that it is physically and
thermodynamically unstable above 50% RH, as it takes up moisture at high humidities and
experiences a transition from the glassy to the rubbery amorphous state before
crystallisation. This could explain the fusing of particles observed with SEM (chapter 2)
at high humidities. The water vapour sorption studies showed that the spray dried
amorphous sample takes up approximately 16% by mass of moisture below 50% RH
compared to about 8% for the milled crystalline sample. Hence, spray dried nedocromil
sodium sorbed twice as much water vapour than the milled drug.

The effect of increasing the temperature from 25°C to 40°C on the moisture sorption
isotherms of milled and spray dried nedocromil sodium was minimal. However, the
amount of water vapour required to crystallise the amorphous spray dried powder was
affected by the increase in temperature.
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Thus, isothermal microcalorimetry provided a highly sensitive characterisation of the
incorporation of hydrate water at low and high relative humidities, in the nedocromil
sodium structure. It has also proved to be beneficial in revealing subtle changes at
ambient temperatures in solid stability work, compared to DSC. Together with water
vapour sorption analysis, this study has provided a better understanding of the effect of
moisture on nedocromil sodium and the moisture adsorption phenomena. Data obtained
would provide useful information that may be employed to develop a successful dry
powder formulation.
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5.1 General Introduction
In order to achieve successful dry powder inhaler (DPI) formulation and manufacture, it
is necessary to control the particle-size distributions of excipients and drug substance,
(Kindle and Byron, 1995b). The particle-size distribution of an aerosol cloud is one
significant determinant of the site and extent of drug deposition in the respiratory tract,
(Chowhan and Amaro, 1977). The widely accepted desirable particle size range for
inhaled drug particles is usually between 0.5 and 7 pm, (Davies et al, 1976). The small
particles penetrate deeper into the respiratory tract than larger ones, which is ideal for
peripheral deposition. Consequently, formulations of DPIs have particles with the
smallest, practically achievable size, even though some particles of approximately 0.5 pm
are exhaled, as they are too small to be deposited (Gonda and Byron, 1978).

Several techniques are employed to produce small drug particles. The most common
means of reducing particle size is milling. The milling process is generally used to
produce drug particles in a finely divided state, which are in a suitable particle-size range
for inhalation therapy. However, irregular particles are obtained from this process.
Micronisation is a form of milling at high energy and is widely used for reducing the
particle size o f powders. However, this process is not suitable for all drugs as the
frictional heat emitted during micronisation may cause some drugs to soften or melt which
can cause agglomeration (Yalkowsky and Bolton, 1990). Thermolabile drugs may also
degrade when exposed to the same heat. Spray drying is an alternative process for
generating small particles capable of being used in inhalation therapy, (Vidgren et al,
1987c, 1988d, 1989; Chawla et al, 1994; Venthoye et al, 1995b).

Creating an aerosol cloud that comprises single dispersed solid particles from micronised
powders is very difficult, due to cohesive forces between the particles. These forces are
influenced by several fundamental physicochemical properties of the powder including
morphology and surface composition. DPI dosage forms usually need to be formulated
with carrier particles considerably larger than the drug particles. This improves powder
aerosol efficiency by aiding the formulation’s flow properties and metering uniformity and
lessens vulnerability to high temperature and humidity (Kindle and Byron, 1995b).

172

Chapter 5______________________________________________________ In vitro aerosol analysis

Lactose is mainly used as the diluent as it has been studied widely and gained regulatory
approval. When added to a drug powder, lactose improves aerosolisation properties by
breaking up the cohesive bonds of the drug particles. During inhalation, the smaller drug
particles become detached from their agglomerations or from the surfaces of the larger
carrier particles and are deposited in the bronchial and alveolar stages of the respiratory
tract. Small alterations that may be introduced in the size and shape of the micronised
drug or in the diluent fines can be expected to affect the performance of the DPI as an
aerosol drug deliveiy device. These diluent fines attached to the larger crystals of
excipient can actually compete with the micronised drug for active sites on the carrier.

5.1.1 The effect of humidity on aerosol performance
Depending on the humidity and physical properties of an aerosol particle, it may grow by
water condensation or shrink by water evaporation (Hiller et al, 1980). A hygroscopic
powder may introduce additional problems of moisture transfer from the environment,
which would influence the particle size, size distribution and the characteristics of the
generated aerosol. These changes can invariably influence where the particles are
deposited in the respiratory tract.
When a hygroscopic particle initially enters the high humidity of the lung from ambient
RH, water condensation occurs on the particle surface until the vapour pressure of water
matches that of the air in the respiratory tract (Pritchard, 1987). Within the lungs, relative
humidity is reported to be 99.5% (Porstendorfer, 1971) and under such conditions,
hygroscopic particles 1 pm in diameter, would reach their equilibrium diameters within
approximately 1 s (Martin et al, 1988). The final diameter of a particle is related to the
initial particle size, density, surface tension, the molecular weights of water and the
particle, as well as on temperature and RH (Pritchard, 1987). It is critical to predict the
particle size range of hygroscopic particles as they have the potential to enter the
respiratory tract at a size which is not efficiently filtered in the upper airways, but grow
and are deposited more efficiently in the deep lung than stable particles.

173

Chapter 5______________________________________________________In vitro aerosol analysis

The effect o f low (16-21% ) and high (95 - 98%) relative humidities on bronchodilator
aerosols has been investigated by Hiller et al, 1980. Conclusions drawn from this study
were that particle sizes of all aerosols tested increased in size at high humidity. Similar
observations were made by Davis and Bubb (1978), where the effect of relative humidity
on the particle size of propylene glycol aerosol has been reported. Increasing temperature
and humidity results in diminished DPI aerosol performance (Jashnani et al, 1995;
Jashnani and Byron, 1996). This may occur due to the adhesive or cohesive properties
of the formulation being altered or by inducing hygroscopic growth (Jashnani et al, 1995).
Recent studies carried out on two prototypes of a new dry powder inhaler describes the
influence of moisture on its performance (Maggi et al, 1999). After storage at 40°C and
75% relative humidity (RH), it was deduced that the efficiency of the device was reduced
in terms of emitted dose and respirable fraction, as determined using a Twin Impinger.
In addition to these studies, dose emissions from eight marketed DPIs have been
investigated, using different air flow rates (Hindle and Byron, 1995a). The inhalers
studied were Intal Spinhaler®, Ventolin and Becotide Diskhalers®, Ventolin and Becotide
Rotahalers®, Bricanyl and Pulmicort Turbohalers® and Berotec Inhalator®. This study
showed that dose emissions from the DPIs were highly variable, which emphasised that
the choice of test flow conditions was important for determining the emitted dose.
A gamma scintigraphic study of nedocromil sodium delivery, demonstrated in vivo
performance of the Ultrahaler® dry powder inhaler (Pitcairn et al, 1997). At 60 L/min,
the mean (SD) % of the metered dose of drug was 13.3 (4.8)%. This data suggested that
drug delivery from the Ultrahaler® is similar to that of other dry powder inhalers
(Biddiscombe et al, 1993). ^^"’Tc-labelling using a co-precipitation technique based on
spray drying, was used to study the in vivo deposition of sodium cromoglycate via a DPI
(I.S.F. Inhalatore, Italy) (Vidgren et al, 1987b). A mean of 16.4% of the dry powder dose
was deposited in the bronchial and alveolar stages of the lungs.
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5.1.2 Particle deposition within the lung
The deposition of aerosol particles in the respiratory tract involves three main mechanisms
namely, inertial impaction, gravitational sedimentation, and Brownian diffusion (section
L2).

Indirect methods of particle-size measurements, for instance impaction, are

employed for simulating powder inhalation aerosols. Impaction devices supply an in vitro
model for the human lungs and possess obvious similarities in its ability to separate
particles of various sizes.

Frequency by mass or volume best expresses particle-size distributions of dry powders,
as opposed to frequency by number. The reason for this is that aerosol mass and hence
dose deposition in the respiratory tract is most frequently related to mass median
aerodynamic diameter (MMAD) (Hindle and Byron, 1995b). In order to predict particle
deposition, aerosol size measurement is most relevant, when the size is expressed as the
MMAD. This is defined (for near spherical particles) as the diameter of a unit density
spherical particle having the same terminal settling velocity as the particle in question
(Hiller et al, 1980). Aerodynamic diameters primarily determine where a drug particle is
deposited in the airways, following inhalation. Particles with aerodynamic diameters
>5 pm tend to be deposited in the upper airways by inertial impaction. Particles with
aerodynamic diameters of between 1 and 5 pm tend to deposit through gravitational
sedimentation in the lower airways, especially during slow, deep breathing. Those <1 pm
in size will deposit by Brownian diffusion in the stagnant air of the lower airways. The
size of minimum deposition is approximately 0.5 pm, which is too large for effective
Brownian diffusion and yet too small for effective impaction or sedimentation. The
particle size of the drug will influence the aerodynamic characteristics of the aerosol cloud
emitted from a DPI. This will ultimately affect the respirable dose, which is the dose
likely to deposit in the airways from the DPI.
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5.1.3 In vitro aerosol analysis
Although a realistic analysis of a drug formulation’s deposition characteristics can be
achieved from in vivo studies, they are not usually performed as they are not required by
the regulatory authorities and are very expensive and tedious to conduct. Almost all in
vivo deposition studies have been carried out using radiotracer techniques, where non
medical Teflon particles labelled with ^^™Tc have been employed (Vidgren et al, 1988a).
Measurements of deposition were then performed with a gamma camera outside the body.

In order to predict in vivo performance of a drug formulation, without having to resort
to tedious and very expensive volunteer trials, it is essential to obtain preliminary in vitro
data. The major methods used for particle sizing of aerosols are indirect sizing by inertial
impaction (Hallworth and Andrews, 1976) or sedimentation, and direct sizing by
microscopy. Many techniques have been utilised to determine particle size distribution
of drug emitted from inhalers. While some are made to collect and then physically
examine the particles (Hallworth and Andrews, 1976; Hallworth and Westmoreland,
1987), others are designed to observe and size the contents of the plume without
disturbing its contents (Phillips et al, 1990). When measuring particle size, it is not
sufficient to measure only the particle size distribution of the emitted aerosol, because it
will reflect the size of excipients added to the drug substance. Therefore, in vitro
methods, such as the cascade impactor, the multi-stage liquid impinger and the twin
impinger, which fractionate the aerosol cloud are used.

5.1.3.1 Cascade impaction
Cascade impaction is a technique frequently used to determine the particle size
distribution of an aerosolised formulation.

This method supplies various ideal

characteristics for the assessment of aerosol clouds, hence providing vital information
during the development of a DPI product. The cascade impaction method permits
collection of aerosol doses through simulated upper airways onto metal plates, which may
be correlated with different stages of the respiratory tract. Each stage is composed of
either a single jet orifice or a number of them of equal size and a matching impaction
plate. The velocity of the air stream through the jet increases with each subsequent stage
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because the size of the jet orifice decreases in the subsequent stages. When an aerosol
cloud is introduced into the device, the largest particles are collected on the first stage,
and any particles not collected on this stage follows the air stream to the next stage. Here,
the particles are either collected or move on to the succeeding stage. Particles that escape
the last stage are then collected on a terminal filter (Kim et al, 1985).

This method of particle size determination is most appropriate as aerosolised drug
particles have potential to impact and sediment at various points on their tortuous
expedition to the site of action of the lung. Particles deposit mostly by inertial impaction
in the upper and large airways where flow velocities are high (Kim et al, 1985). Particle
size and velocity determine the impaction loss of the aerosols in the mouth at the moment
when the particles approach the oropharyngeal surface. The cascade impactor employs
the relationship between velocity and mass, and sizes aerosolised particles based on their
inertia. Larger paiticles that possess adequate inertia tend to impact on the upper stages
whereas finer particles remain in the airstream and enter the lower stages with
progressively finer jets. Aerodynamic measure of particle size distribution can therefore
be performed using the technique of cascade impaction.

The Andersen Mark II cascade impactor (Graseby-Andersen Inc., Atlanta, GA, USA,
Figure 5.1), an 8-stage device where aerosol samples are collected on stainless steel
plates, is a commonly used cascade impactor (Apparatus 2, BP). It must be noted that
a new universal induction port has been introduced which is common to all particle size
apparatus (USP and EP).
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Figure 5.1

The Andersen Mark II cascade impactor (GrasebyAndersen Inc., USA).

5.1.3.2 Multistage liquid impinger

The multistage liquid impinger (MSLI), also known as the Astra Draco impinger
(apparatus 1, BP), is a five (originally four) stage impinger developed for particle size
distribution analysis o f pharmaceutical inhalation products. The MSLI contains four liquid
impaction stages and a final integral filter stage to capture the fine particles. The fifth
stage which was introduced in a later version o f the MSLI provides a more realistic small
effective cut-off diameter (LCD) at five calibrated flow rates. The LCD represents the
size at which 50% o f the particles are retained at each stage. Each impaction surface
consists o f sintered glass disks which are moistened for collection o f particles. Figure 5.2
shows a diagram o f the apparatus used in this study, which consists o f a “throat”
attachment, fitted with a connector to accommodate the DPI mouthpiece and an
appropriate glass fibre filter. It must be noted that the MSLI now employs the new
universal induction port, a 90® bend o f metal, which is common to all particle size
apparatus (USP and EP). Particles delivered from an aerosol device are separated into
different size fractions in the MSLI. Very fine particles are collected on the filter and
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coarser particles in the throat and impinger stages 1 to 4. At a flow rate o f 60 litres/min,
the effective cut-off diameters are 13, 6.8, 3.1 and 1.7 pm at stages 1 , 2 , 3 and 4
respectively. The tmal filter stage captures the fine particles with a size less than 1.7 pm.
Drug collected on stages 3, 4 and the filter o f the MSLI (<6.8 pm) together constitutes
the fine particle dose (FPD). W hen testing DPIs to USP standards, a flow rate (Q)
required to produce a pressure drop o f 4.0 kPa over the inhaler is employed. If Q exceeds
100 L/min. then a flow rate o f 100 L/min is employed.

Si

Figure 5.2

Astra Draco Multi Stage Liquid
impinger.

Although this technique can be labour-intensive, the data acquired can be used to evaluate
the effects o f formulation variables on aerosol cloud characteristics.

Data on the

respirable fraction, M MAD, a^, the amount o f drug deposited at each stage o f the
impactor and the total quantity o f drug exiting the actuator can be obtained. Although
cascade impactors provide more reproducible, detailed information than impingers, one
drawback is that it is only suitable for dilute aerosols. However, impingers are less
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susceptible to overloading (Bell et al, 1973).

Cascade impactors also have the

disadvantage of particles bouncing and blowing off at each deposition stage, reentrainment and inter-stage wall losses, which could adversely affect the evaluation of the
deposition patterns. Thus, the MSLI which was employed in this study, was thought to
be more suitable for dry powder aerosols, as it conferred several advantages compared
to the cascade impactor.

The wet stages of the MSLI device provides a humid

atmosphere which mimics real lung conditions, as well as making the particles less
susceptible to particle entrainment.

5.1.3.3 Twin impinger

Although the cascade impactor method is valuable, it can be a slow and tedious way of
assessing aerosols. Simple two-stage separation devices, e.g. the twin impinger (glass
impinger, apparatus A, BP), provide a simple yet reproducible method for routine use
(Hallworth and Westmoreland, 1987).

The twin impinger is a glass two-stage separation device for evaluating the drug delivery
from oral inhalation delivery devices (Hallworth and Westmoreland, 1987). The aerosol
is discharged through a simulated oropharynx where it separates onto an upper or lower
impinger stage depending on its particle size. The respirable fraction is assumed to be
represented by the amount of particles with less than 6.4 pm diameter. The upper stage
of the twin impinger (stage 1), has an BCD of 6.4 pm, at an air flow rate of 60 L min ^
The lower stage (stage 2) acts as an efficient fine particle ‘pulmonary’ trap (Figure 5.3).
Hence, percentage stage 2 deposition is taken as the respirable fraction of a drug dose.
The amount of drug deposited in both stages can be quantitated by an assay. For the
lower stage, an impinger was favoured to a filter in order to avoid drug recovery
problems, and in particular with powder inhalations, possible blockage of the filter
(Hallworth and Westmoreland, 1987).
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Figure 5.3

The twin impinger
Instruments, UK).

(TI, Copley

Several workers have described the applicability of the twin impinger including
discriminating in vitro between respirable doses of different albuterol formulations
(Phillips et al, 1990), and evaluating MDIs containing beclomethasone dipropionate or
salbutamol (Hallworth and Westmoreland, 1987). Compared to the MSLI, the twin
impinger provides a limited particle size distribution, as it divides aerosol particles into
two defined fractions only. Thus, the MSLI enables a better analysis as the aerosol
particles are separated into five fractions. Other methods such as laser diffraction,
microscopy and the model lung (Kirk, 1972), are also available for in vitro aerosol
evaluation.
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5.1.4 Aims

It has been established in chapter 2 that spray drying nedocromil sodium produces
particles which are sufficiently small to penetrate the peripheral airways. Furthermore, the
relative humidities which will cause the integral particles to fuse with one another due to
crystallisation and solid state transitions, have been determined.

A wide variety of environmental conditions exist under which dry powder inhalers will
finally be used and tested. The work presented in this chapter displays the influence of
changing relative humidities on the respirable characteristics of aerosols formed by
deaggregation of milled and spray dried nedocromil sodium delivered from a novel DPI,
under varying conditions of storage and testing using an Astra Draco MSLI.

5.2 Materials and Methods
5.2.1 Materials

20 Dry Powder Inhaler Devices (Ultrahaler™)
Batch No. 7638
(Rhône-Poulenc Rorer Ltd., Cheshire, UK.)
Milled Nedocromil Sodium
Batch No. 3746E
(Rhône-Poulenc Rorer Ltd., Cheshire, UK.)
Spray dried nedocromil sodium
(preparation described in section 2.2.2.1).
(Feed conc.: 10%w/v ; Inlet temp.: 200°C)
«-lactose monohydrate | (VMD = 56.66 pm)
Batch No. 3624E
(Rhône-Poulenc Rorer Ltd., Cheshire, UK.)
Nedocromil sodium reference standard
Ref:PS307/112
(Rhône-Poulenc Rorer Ltd., Cheshire, UK.)
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Glass microfibre filter
Whatman® GF/A
Whatman® International Ltd., Maidstone, UK)
Acetonitrile (HPLC grade)
Batch no. 10053200V
(BDH Laboratory supplies, Poole, UK.)
Ammonium acetate (HPLC grade)
Batch no. 9738988 117
(Fisher Scientific, UK.)
Sodium acetate trihydrate
Batch no. 9624735A456
(Fisher Scientific, UK.)
Potassium acetate
Lot no. K24341717 743
(BDH Laboratory supplies, Poole, UK.)
Chromium trioxide
Lot no. 8863680K
(BDH Laboratory supplies, Poole, UK.)
Potassium Chloride
Batch no. 9740170 227
(Fisher Scientific, UK.)
Distilled water (Millipore ultra-pure water system)
Ultra-pure organex cartridge - Lot no. R7MM37072
Milli-Q plus 85
(Millipore (UK) Ltd., Watford, UK)

5.2.2 Methods
5.2.2.1 Conditioning of drug prior to mixing
The performance of the nedocromil sodium formulations delivered from a Ultrahaler™
was assessed at ambient and extreme climatic conditions. In this study, the following
conditions were employed for storing and testing the Ultrahaler devices: 30®C/22%RH,
30°C/45%RH and 30°C/84%RH. These conditions were obtained in desiccators by
preparing saturated solutions of potassium acetate, chromium trioxide and potassium
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chloride which provided 22%RH, 45%RH and 84%RH respectively at 30®C.

Milled nedocromil sodium and lactose powders were conditioned at 30°C/45%RH for 1
week, whereas the spray dried drug was conditioned at 30”C/22%RH for 1 week.
Preliminary studies had established that the spray dried drug was more stable at 22%RH.

S.2.2.2 Preparation of powder blends

A 30% w/w (300 mg/g) nedocromil sodium-lactose blend was prepared by mixing the
sieved drug and lactose with a Turbula T2C mixer (Bachofen AG, Switzerland).
Appropriate quantities of both the lactose and nedocromil sodium were weighed out
separately. Prior to mixing the powders, a sieving process was required to deaggregate
the raw materials. Alternating portions of each powder were passed through a 355 pm
sieve, ending with lactose. Due to the cohesive nature of nedocromil sodium, the
deaggregation process required manual pressure using a spatula for its passage through
the sieve screen. In spite of this, some powder was lost during sieving, as the drug was
sticking to the sieve screen. Ending with lactose helped most of the drug to pass through
the sieve screen. The sieved material was then transferred into a 250 ml amber glass jar.
The jar was placed in a Turbula T2C mixer (Bachofen AG, Switzerland) and mixed for
5 min at a speed of 42 rpm.

To establish that a homogeneous powder mix had been produced, approximately 14 mg
aliquots were extracted from the jar, using an end loading sample thief in triplicate, from
the middle and bottom of the blend. A spatula was used to take samples from the top of
the blend.
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S.2.2.3 HPLC analysis

Each sample was weighed into a 100 ml volumetric flask containing 1.0 ml of 1.0 M
sodium acetate buffer, pH 4.5, diluted to volume with distilled water and measured by
high performance liquid chromatography (HPLC, Hewlett Packard 1100, Beckman Gold),
under the following conditions.

Column:

Hypersil 50DS (5 pm packing) in a column 10 cm x 0.5 cm.

Column temperature: 45°C
Mobile phase:

0.5% w/v ammonium acetate buffer in6/94 v/vacetonitrile /
water.

Injection volume:

20 pi

Flow rate:

1.5 ml/min

Detection wavelength: 254 nm
Approximate run time: 3.5 minutes

A 0.1% w/v stock solution of nedocromil sodium reference standard in 0.0 IM acetate
buffer, pH 4.5, was prepared in duplicate to give standard solutions of concentrations of
0.0025% w/v. Drug amounts were determined by comparing an external standard peak
height to reference standard solutions.

5 2.2.4 Preparation of DPI for formulation evaluation

Twelve Ultrahaler™ devices were filled with milled nedocromil sodium-lactose blends,
and another twelve devices with spray dried nedocromil sodium-lactose blends. The DPIs
were primed prior to testing by firing 2 shots to waste, in order to prepare the inhaler for
subsequent accurate dosing. For both the milled and spray dried drug, three devices were
stored at 30°C/22%RH and three at 30®C/84%RH.

Six devices were stored at

30°C/45%RH. After 28 days storage to allow equilibration, the filled devices were
evaluated. Devices stored at 30°C/22%RH were tested at the same conditions. Those
stored at 30°C/45%RH were tested at all three conditions: 30®C/22%RH, 30®C/45%RH
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and 30°C/84%RH. The Ultrahaler™ devices stored at 30°C/84%RH were also tested at
30°C/84%RH.

The aerosol performance was evaluated using a 5 stage Astra Draco

Multi-Stage Liquid Impinger (MSLI, AB Draco, Sweden) operated at 60 L.min'L

The nedocromil sodium Ultrahaler™ DPI (discussed in section 1.3.3.4), delivers 112
doses of drug, sufficient for up to I month of therapy. Each dose consists of nedocromil
sodium (4.2 mg), saccharin, mint-flavoured powder, and lactose (Pitcairn et al, 1997).
For purposes of this study, the flavouring and sweetener were excluded from the powder
blend. In this study, doses 1,50 and 100 were assessed (after priming), for aerodynamic
particle size, emitted dose and emitted weight at the same storage conditions, using the
MSLI. This was to give an indication of behaviour of the inhaler throughout its life.
Therefore, three tests were carried out on each inhaler. Blank shots were fired from doses
2 to 49 and 51 to 99 and the weights recorded, to verify the reproducibility of the quantity
of powder delivered throughout the whole life of device. Two different DPI devices were
tested at each set of conditions.

All experiments were carried out inside a

temperature/humidity cabinet that was allowed to reach the necessary readings before the
start of each experiment. However, the emitted weight (i.e. the weight of powder
delivered) for all other doses except 1, 50 and 100 were tested at ambient laboratory
conditions.

The Ultrahaler’s air flow resistance was checked prior to each assessment. Using a
standard reference Ultrahaler™, the flow rate was set at 60 l/min with a micromanometer.
Each filled Ultrahaler™ was inserted into the calibration flow chamber attached to an
Emitted Dose Collection Apparatus (Figure 5.4), and the micromanometer reading noted.
The flow rate should not differ from the test flow rate by more than 5% from the nominal
setting.
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Figure 5.4

Emitted dose collection apparatus.

S.2.2.5 Assembly of MSLI for DPI testing

The MSLI (AB Draco, Sweden) was assembled as shown in figure 5.2, having placed a
glass fibre filter in the final stage. The “throat” attachment was a modified glass 50 mL
round bottom flask. Sufficient distilled water, to keep the sintered glass disk moist, was
dispensed into each of stages 1, 2, 3 and 4 through the sampling ports that were then
sealed with silicone rubber bungs. The rubber stoppers were wetted by tilting the
apparatus in order to neutralise electrostatic charge. The MSLI was transferred to the
temperature/humidity cabinet and left for 5 to 10 minutes to equilibrate. The vacuum
pump was then connected to the MSLI and the air flow through the MSLI and MDPI
measured using the micromanometer. Once the cabinet had reached equilibrium, the
primed MDPI was placed in the mouthpiece connector of the MSLI, ensuring that a good
seal around the mouthpiece was obtained. A vacuum pump capable of maintaining an air
flow of 60 litres/minute through the MSLI was connected to the outlet of the lower stage.
A micromanometer was used to measure air flow of 60 ± 5 litres/min through the MSLI.
The pump was on when the MDPI was placed in the mouthpiece. After 4 seconds, the
MDPI was removed from the connector, the pump was then turned off and disconnected
from the MSLI.
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5.2.2.6 Drug collection from the MSLI for HPLC analysis

The MSLI was removed from the temperature/humidity cabinet and dismantled in the
following fashion to extract the deposited drug. Firstly, the filter was carefully removed
from the holder, placed in a suitable beaker and washed thoroughly vdth distilled water.
The washings were then transferred into a 100 ml volumetric flask containing 1.0ml of
l.OM sodium acetate buffer, pH 4.5 and diluted to volume with distilled water. The
throat was then removed from the main body of the MSLI and then the mouthpiece
connector removed from the throat and placed in a suitably sized beaker. The connector
was washed with distilled water, and the washings were transferred to a 200 ml
volumetric flask containing 2.0ml of 1.OM sodium acetate buffer, pH 4.5. The throat was
then washed with distilled water into the same volumetric flask, before making up to
volume with distilled water.

The inner surfaces of stage 1 were then washed with distilled water by carefully tilting and
rotating the apparatus, ensuring that the base, sides and roof of the chamber were all
thoroughly washed. Washings were transferred to a 100 ml volumetric flask containing
1.0 ml of 1.OM sodium acetate buffer, pH 4.5, and diluted to volume with distilled water.
The surfaces of the tube connecting stage 1 to stage 2 were washed into stage 2. The
above procedure was repeated for stages 2,3 and 4, always washing the connecting tube
between each stage into the stage below. Care was exercised in order not to inadvertedly
transfer liquid between the stages.

The nedocromil sodium deposited in each area, was subsequently assayed by the HPLC
method detailed in section 5.2.2.3. Experiments were performed in duplicate at each set
of environmental conditions.
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5.3 R esults and D iscussion
A typical HPLC trace for nedocromil sodium is shown in figure 5.5. The total amount of
drug retrieved from each stage of the MSLI was calculated and used to determine the
fraction of the total on each stage. The % drug deposition of milled and spray dried
nedocromil sodium in the different stages of the MSLI, after aerosolisation following
storage at different relative humidities are displayed in figures 5.6 and 5.8. Deposition in
the lower stages of the MSLI, on the same set of data are portrayed on a larger scale in
figures 5.7 and 5.9. The data portrayed in these figures are the average drug deposition
from doses 1, 50 and 100 of two inhalers at each set of storage and testing conditions.

Î

»J
Figure 5.5

1]

:a

Typical nedocromil sodium HPLC chromatogram.
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The data for figures 5.6 to 5.9 are summarised in appendix A1 and A2. The drug was
retained maximally in stage 1 of the MSLI for both formulations of milled and spray dried
drug. The mean (± SD) proportion of total emitted drug deposited in stage 1 ranged from
40.5% (±10.2) to 66.8% (±6.6) and from 71.5% (±15.2) to 84.5% (±9.0), for the milled
and spray dried powders respectively, depending on the storage and testing conditions.
Hence, the percentage of drug available for deposition in stages 3, 4 and filter of the
MSLI (fine particle fraction) was relatively small, ranging from 24.9% to 9.9% for the
milled drug, and from 4.5% to 2.0% for the spray dried drug. After both storage and
testing at the higher humidity (ie. 84/84%), an even higher percentage of drug was
deposited on stage 1.

5.3.1 Analysis of data

The log plots of cumulative frequency are displayed in figure 5.10 to 5.19. Results from
the MSLI analysis were plotted manually as a log-normal probability curve on three-cycle
log-probability paper. Cumulative percentage mass undersize was plotted (probability
scale) against the effective cut-off diameters (log scale) for all sets of conditions. The size
distribution was log-normal as a straight line was a good fit to the data points plotted on
log-probability paper. The mass median aerodynamic diameter (MMAD) of the particles
was taken as the particle size which relates graphically to 50% of the total drug mass
collected. The geometric standard deviation (GSD) of the particles can then be calculated
by dividing the MMAD value by the diameter below which 15.87% of the particles lie.
Values for MMAD and GSD are given in table 5.1 for both the milled and spray dried
drug.
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Figure 5.10

Cumulative % undersize plotfor milled nedocromil sodium stored and tested at
22% RH.
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Figure 5.11

Cumulative % undersize plot fo r spray dried nedocromil sodium stored and
tested at 22% RH.
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Figure 5.12

Cumulative % undersize plotfor milled nedocromil sodium stored and tested at
84% RH.
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Figure 5.13

Cumulative % undersize plot fo r spray dried nedocromil sodium stored and
tested at 84% RH.
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Figure 5.14

Cumulative % undersize plot for milled nedocromil sodium stored at 45% RH,
hut tested at 22Vo RH.
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Cumulative % undersize plot fo r spray dried nedocromil sodium stored at 45%
RH, hut tested at 22%> RH.
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Cumulative % undersize plot for milled nedocromil sodium stored and tested at
45% RH.
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Figure 5.17

Cumulative % undersize plot for spray dried nedocromil sodium stored and
tested at 45% RH.
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Cumulative % undersize plot for milled nedocromil sodium stored at 45% RH,
hut tested at 84% RH.
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Cumulative % undersize plot for spray dried nedocromil sodium stored at 45%
RH, but tested at 84% RH.
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Spray dried

Milled
(% RH )

MMAD (pm)

GSD

MMAD (pm)

GSD

22/22

3.88 (± 0.56)

2.48 (± 0.15)

10.02 (±3.57)

2.87 (± 0.48)

84/84

5.67 (± 0.35)

1.80 (± 0.22)

12.48 (±5.75)

2.46 (±0.61)

45/22

3.65 (± 0.40)

2.45 (±0.16)

7.78 (± 2.00)

2.60 (± 0.27)

45/45

4.12 (±0.33)

2.35 (± 0.08)

8.63 (± 2.09)

2.52 (± 0.22)

45/84

6.38 (± 1.36)

1.87 (±0.12)

8.12 (±1.49)

1.64 (±0.06)

Values are mean (± standard deviation), n = 6.

Table 5.1

Aerodynamic size distribution of milled and spray dried nedocromil sodium.

The size distributions for the milled formulation ranged from 3.65 to 6.38 jam in MMAD
with geometric standard deviation ranging from 1.80 to 2.48. A mean particle size of 4.86
± 0.01 was observed when measured by laser diffraction (section 2.3.2). The MMAD for
the milled material increased after both storage and testing at high humidity (ie. 84/84%)
or testing only at high humidity (ie. 45/84%), as particles grow when the humidity
increases. The size of spray dried particles ranged from 7.78 to 12.48 pm in MMAD with
GSD ranging from 1.64 to 2.87. The values obtained for the spray dried particles are
greater than the particle size seen on the SEM and measured by laser diffraction (3.19 ±
0.02). Thus, although the small size of the spray dried material is desirable for peripheral
lung deposition, the cohesive and adhesive nature of the particles may have caused them
to be deposited in the MSLI as aggregates rather than individual particles. This results
in greater deposition in the upper stages of the MSLI due to the reduced ability of the
drug particles to dissociate from the carrier on release from the device. It must be noted
that the standard deviation values obtained for the spray dried material indicated less
reproducibility with the MMAD compared to the milled material. The MMAD for the
spray dried material increased after both storage and testing at high humidity (ie. 84/84%).
The values obtained for GSD indicated polydispersed aerosol particles in all cases.

198

In vitro aerosol analysis

Chavter 5

5.3.2 Particle distribution of milled and spray dried nedocromil sodium
The results from the MSLI experiments can be expressed as total emitted dose, emitted
fine particle dose (FPD), ie < 6.8 pm and % emitted FPD. Fine particle dose was the
mass of drug collected in stages 3,4 and the filter of the MSLI, which was then expressed
as a percentage of the amount of drug emitted from the mouthpiece of the inhaler. For
all sets of storage and testing conditions, data was accumulated for doses 1, 50 and 100
for two devices, (details are tabulated in appendix). The results are summarised here in
tables 5.2 and 5.3 for the particle distribution of milled and spray dried nedocromil
sodium, respectively, taking the mean of the three doses tested for the two devices.

Conditions of
storage and testing
(%RH)
22/22

Total emitted dose
(mg)

Emitted fine
particle dose (mg)

% emitted fine
particle dose

3.80 (± 0.52)

0.85 (± 0.20)

22.29 (±3.61)

84/84

3.29 (± 0.27)

0.33 (± 0.09)

9.87 (± 2.22)

45/22

3.53 (±0.38)

0.81 (±0.24)

22.72 (± 4.96)

45/45

3.65 (± 0.40)

0.92 (± 0.16)

24.94 (± 1.97)

45/84

2.98 (± 0.34)

0.36 (± 0.17)

11.67 (± 4.45)

Values are mean (± standard deviation), n = 6.

Table 5.2

Effect o f varying relative humidity on the aerosol performance o f milled nedocromil
sodium.

Conditions of
storage and testing
(%RH)
22/22

Total emitted dose
(mg)

Emitted fine
particle dose (mg)

% emitted fine
particle dose

3.71 (±0.87)

0.07 (± 0.08)

2.50 (± 3.26)

84/84

3.48 (±0.63)

0.06 (± 0.07)

1.98 (±2.26)

45/22

3.56 (±0.56)

0.15 (±0.13)

4.40 (±3.81)

45/45

3.88 (±0.86)

0.15 (±0.16)

4.51 (±5.44)

45/84

3.44 (±0.52)

0.12 (± 0.18)

4.13 (±6.07)

Values are mean (± standard deviation), n = 6.

Table 5.3

Effect o f varying relative humidity on the aerosol performance o f spray dried
nedocromil sodium.
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5.3.2.1 Emitted fine particle dose (FPD)

The devices stored and tested at 45% RH (ambient conditions), displayed the highest fine
particle doses for both milled and spray dried powders. The emitted FPD was decreased
almost 3-fold, after storage and testing at a high relative humidity, i.e. 84% RH. When
products were stored and tested at 84% RH, the emitted FPD decreased fi'om a maximal
0.92 mg to 0.33 mg for the milled drug, and from 0.15 mg to 0.06 mg for the spray dried
drug. This may be due to the drug particles forming agglomerates which can not be
redispersed, resulting in reduced deposition in the lower stages of the MSLI. SEM
photographs (section 2.3.3) portrayed these structural changes of the powder at high
humidities. These data demonstrated that storage in this environment has an extremely
damaging effect on the performance of the inhaler.
A t-test analysis of the results showed that the emitted fine particle dose remained
statistically unaffected (p < 0.05) when the devices tested at 22%RH were initially stored
at ambient conditions (45%RH). The same was observed at the higher humidity, where
emitted FPD increased for the device tested at 84%RH, after it had been stored at
45%RH. Hence, storing or testing at ambient conditions improved results.

5.3.2.2 % Emitted fine particle dose (% FPD)

Large differences were observed between the % emitted FPD of formulations containing
milled and spray dried nedocromil sodium. The % FPD values obtained for the spray
dried drug were generally more variable compared to the milled drug which was indicated
by the standard deviation values obtained. When products were stored and tested at 84%
RH compared to storage and testing at 45% RH, the % emitted FPD decreased from a
maximal 24.9% to 9.9% for the milled drug, and from 4.5% to 2.0% for the spray dried
drug. Therefore, afi;er equilibration at 84%RH, the drug distribution to the lower stages
of the MSLI from the Ultrahaler™ was reduced to a small amount. It must be noted that
although the milled drug had a minimum % FPD of 9.9% at 84%RH, this level of drug
deposition has been observed for other DPIs analysed at optimal peak inhaled flow rates,
(Vidgren et al, 1994). The fact that different methods of analyses have been employed,
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must be taken into consideration when such comparisons are made.
The spray dried drug produced a maximal % emitted FPD of 4.5% after storage and
testing at 45% RH, which is a low value compared to that obtained for the milled drug.
It was observed that after a dose had been actuated, there was a considerable
accumulation of powder in the mouthpiece of the Ultrahaler device. This may have been
caused by the cohesive nature of the powder, hence limiting the amount of drug available
for deposition in the MSLI. It is important to note that most other inhalation devices
deliver a small quantity of drug per dose. Also, the design of the Ultrahaler™ or the
formulation may have to be altered slightly to optimise the delivery of the spray dried
powder which has different properties to the milled one. Possibly by changing the drugto-carrier ratio or particle size of carriers added to the drug, a lower fraction would
remain within the device and mouthpiece, hence optimising the delivery of the spray dried
drug. It has been shown that a small carrier size (<32 pm) increases fine particle fraction
of the drug (Steckel and Muller, 1997), even though the carrier may itself reach the
alveolar region.
A t-test analysis of the results showed statistical differences (p < 0.05) at a 95%
confidence interval for changing testing conditions only, or both storage and testing
conditions from 22% or 45% to 84% RH for the milled drug. This indicates that storage
and/or testing at 84% RH, causes a major deterioration in the performance of the inhaler
in delivering milled nedocromil sodium formulations. This is likely to be due to a decrease
in powder aerosolisation at high humidities, as a result of moisture transfer during storage
and testing.
Particle size was dependent on relative humidity; the greater the humidity the larger the
measured size. As the drug powder is hygroscopic in nature, under extreme conditions,
the aerosol particles will grow in size. The proportion of drug capable of reaching the
alveolar zone of the lung would therefore be strongly reduced. Also, the uptake of
moisture at high humidities may hinder the deaggregation process of the drug from the
lactose carrier, hence reducing fine particle dose. Similar observations have been made,
where the influence of moisture on the performance of disodium cromoglycate, a
compound related to nedocromil sodium, delivered from a novel dry powder inhaler was
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investigated (Maggi et al, 1999). Therefore, hygroscopic particle growth, as well as
presenting difficulty in deaggregation of the powder (Jashnani and Byron, 1996) can
influence the aerosol behaviour (% FPD) of especially the spray dried powder due to its
cohesive nature.

The % emitted FPD remained unaffected when the devices tested at 22% RH were
initially stored at 45% RH. Although a slight increase in % emitted FPD was observed
for devices tested at 84% RH, when it had previously been stored at 45% RH,
statistically, there was no significant difference (p < 0.05) between this and those stored
and tested at 84% RH. The % emitted FPD of the spray dried drug remained unaffected
when the storage conditions alone, the testing conditions alone, and a combination of the
two were changed. However, in all cases, the spray dried formulation was significantly
poorer (p < 0.05) compared to the milled formulation, in terms of % emitted dose.
The % deposition of milled nedocromil sodium obtained in this in vitro study was
generally higher than those reported from an in vivo evaluation of drug delivery from the
Ultrahaler, (Pitcairn et al, 1997). The in vivo study displayed that at 60 L/min, the mean
dose o f the drug deposited in the lungs was 13.3%. Results obtained from the in vitro
study reported here, displayed that the fine particle dose ranged from 24.9% to 9.9%,
depending on the storage and testing conditions.

S.3.2.3 Total emitted dose

Dose uniformity was assessed by determining the total emitted dose from the inhaler at
each set o f conditions. The mean amount of total drug emitted from formulations of both
the milled and spray dried powders were comparable (tables 5.2 and 5.3 respectively).
Also, the results for total dose emitted fi'om the DPI as a function of storage and testing
conditions did not exhibit any particular trend.

The acceptance criteria of the emitted dose values are that they should be within 25% of
4.3mg, which is the dose limit (BP 1999). Hence the values must be between 3.2mg and
5.4mg for it to be within the dose limits. As can be observed fiom table 5.2, the mean
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emitted dose for the milled drug, complied with the proposed dose limits for the devices
stored and tested at all but one set of conditions. The mean amount of milled drug
emitted by the devices stored at 45%RH, but tested at 84%RH, failed to comply with
these limits. It was also observed that, although the mean amount of milled drug emitted
by the devices stored and tested at 84%RH passed the specifications, it was just within
the limits (3.2 - 5.4mg). Statistically, the total emitted dose of the devices stored and
tested at 84%RH was significantly reduced (p < 0.05) compared to those stored and
tested at 22% and 45% RH, which displayed the effect of such elevated conditions on the
Ultrahaler™.
For the spray dried drug, all the devices met the requirements of BP 1999, of the emitted
dose values to be within 25% of the claim (3.2 - 5.4mg). The total emitted dose of the
spray dried drug remained unaffected when the storage, testing and storage/testing
conditions were changed. A reasonably good mass balance was achieved on actuating the
device in all cases. However, the total emitted dose values for both milled and spray dried
nedocromil sodium indicated that some drug powder was retained in the mouthpiece of
the inhaler.

5.3.3 Uniformity of emitted dose
In order to monitor the uniformity of weight of powder emitted from the inhaler
throughout its life, each dose (from 1 to 100) delivered from the device was weighed.
Doses 1,50 and 100 which were analysed for their particle distribution, were actuated at
their respective testing conditions of 22% 45% or 84% RH. The other shots were
collected at ambient laboratory conditions. Graphs were plotted for the emitted weight
against the number of dose shots, including and excluding doses 1, 50 and 100, in order
to determine the influence of testing conditions on emitted weight.

The devices

containing the milled and spray dried drug formulation stored at 45% RH and tested at
22%, 45% and 84% were chosen to depict a typical portrayal of this influence.
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The results presented in figures 5.20 to 5.31 show that the weight of powder for each
successive dose decreased progressively, during the life of the device. One possible
explanation could be that the powder picks up moisture during its use, hence affecting the
amount of powder aerosolised.
At 22% RH, the amount of milled powder emitted from the device for doses 1, 50 and
100 was slightly higher than the other doses (Figure 5.20). Compared with figure 5.21
which does not include the analysed doses (1,50 and 100), the weights fluctuate through
a wider range. The profiles obtained at 45% RH (Figures 5.22 and 5.23), were fairly
similar. Figure 5.24 showed that the devices gave more variable shot weights when
actuated at the testing conditions of 84% RH. Compared with figure 5.25 which does not
include the analysed doses (1, 50 and 100), the weights fluctuate through a wider range.
At 84% RH, the amount of powder emitted from the device for doses 50 and 100
decreased sharply from the other doses. A possible reason for this is that at higher
humidities, a considerable amount of dose becomes ‘stuck’ on the wet and humid surface
of the mouthpiece, hence a lower weight of powder is delivered from the device. These
results show that the dose emitted by the device appears to be affected by the testing
conditions, which could therefore affect the dosage precision and reproducibility. Similar
observations were made for the spray dried drug formulation (Figures 5.26 to 5.31).
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Emitted weight profile for two Ultrahaler devices stored at 45% RH, but tested
at 22% RH. Doses I, 50 & 100 included.
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Emitted weight profile fo r two Ultrahaler devices containing milled drug
formulation, stored and tested at 45%> RH. Doses I, 50 & 100 excluded.
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Emitted weight profile for two Ultrahaler devices containing milled drug
formulation, stored at 45% RH, hut tested at H4% RH. Doses I, 50 & 100
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Emitted weight profile fo r two Ultrahaler devices containing milled drug
formulation, stored at 45% RH, but tested at 84% RH. Doses I, 50 & 100
excluded.
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Em itted weight profile f o r two (Jltrahaler devices containing spray dried drug
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included.
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Emitted weight profile fo r two Vltrahaler devices containing spray dried drug
formulation, stored at 45% RH, and tested at 22% RH. Doses I, 50 & 100
excluded.
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Emitted weight profile fo r two Ultrahaler devices containing spray dried drug
formulation, stored and tested at 45% RH. Doses I, 50 & 100 excluded.

209

In vitro aerosol analysis

Chapter 5

Device 19
Device 20
£ 16

O)

14
o 12

E 10

0

20

40

60

80

100

Noi of doses
Figure 5.30

Emitted weight profile for two Vltrahaler devices containing spray dried drug
formulation, stored at 45% RH, and tested at 84% RH. Doses 1, 50 & 100
included.
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Emitted weight profile fo r two Ultrahaler devices containing spray dried drug
formulation, stored at 45% RH, and tested at 84% RH. Doses I, 50 & 100
excluded.
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5.4 Conclusions
The spray dried formulation gave MMAD’s ranging from 7.8 to 12.5 pm, and the milled
drug formulation gave MMAD’s between 3.7 to 6.4 pm. The higher MMAD’s obtained
for the spray dried formulation was thought to be due to aggregated particles being
deposited in the upper stages of the MSLI, as opposed to individual particles. The fusion
of spray dried particles was also shown in the FPD results obtained. In terms of emitted
fine particle fraction, the milled drug-lactose blend aerosolised more efficiently from the
Ultrahaler™ than the spray dried drug-lactose blend. However, in terms of total emitted
dose, the spray dried formulation performed better. The % emitted FPD from the
Ultrahaler™ devices containing the milled formulation decreased significantly (p < 0.05)
from 24.9% to 9.9%, as the humidity for storage and testing was increased from 45% to
84% RH, and from 22.3% to 9.9% when increased from 22% to 84% RH. Thus, aerosol
deposition of the milled formulation was significantly (p < 0.05) affected by changing
testing conditions only to 84% RH, or changing a combination of storage and testing
conditions to 84% RH. However, its performance was not significantly (p < 0.05)
affected by changing storage conditions only. On the other hand, the % emitted FPD and
the total emitted dose for the spray dried formulation showed no significant differences
regardless of changes in storage conditions, testing conditions or a combination of both.
The fact that the amount of drug deposited was relatively small might have affected this
outcome. In each case, the FPD, %FPD and total emitted dose for milled nedocromil
sodium was significantly (p < 0.05) greater than the spray dried drug.
Although, the primary particle size distribution of the spray dried particles were suitable
for inhalation (as determined in chapter two), in the case of nedocromil sodium this is
counteracted by the spray dried material’s increased cohesiveness and adhesiveness.
Hence, the particles would have a reduced ability to dissociate from the lactose carrier,
resulting in greater deposition in the upper stages of the MSLI. Previous studies have
shown potential for the delivery of other spray dried materials. However, it must be noted
that the formulation of the powder mixture, the construction of the inhaler device and
form of in vitro testing would all influence the behaviour of the drug particles during
inhalation.

Therefore, changing one or all of these factors could optimise the
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aerosolisation of the spray dried powder.
These studies have shown that the uniformity of the delivered dose of milled and spray
dried nedocromil sodium from the novel DPI device was affected by the relative humidity
of testing conditions. Physicochemical analysis on the spray dried drug showed it to be
unstable after storage at humidities above 35% RH. Therefore, protecting the sample
from the environment by incorporating special design features (e.g. a desiccant) to the
delivery system may provide better aerosolisation of the powder.
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6.1 General Discussion
The interest in DPIs has recently been rekindled due to problems encountered with MDIs
involving the transition from CFC to HFA propellants. DPIs are also easier to use than
MDIs because they are breath-actuated and do not require co-ordination between
actuation and inspiration. The number of these DPI devices will inevitably increase as
they are cost effective and environmentally preferred devices of the future for pulmonary
drug delivery.

The subject of this thesis results from the development of a new multi dose, breathactuated DPI and the need to understand factors determining the delivery of nedocromil
sodium for the treatment of asthma. Drug particles are conventionally milled to an
appropriate size suitable for inhalation, however, there are disadvantages associated with
the properties of the powder produced. Alternatives to the micronising process in
obtaining fine drug particles suitable for inhalation therapy include spray drying.

Spray drying is a process whereby a solution, slurry or suspension, is atomised into a fine
spray, mixed with warm air and allowed to evaporate to a dry particulate powder. Spray
drying has the advantage of being a simple one-stage process, and is particularly suitable
for thermolabile materials. The spray drying technique has been used to prepare dry
powders for aerosols (Vidgren et al, 1987c; Chawla et al, 1994; Venthoye et al, 1995a).

This study has addressed the potential of spray drying as a means of controlling the
particle size and morphology of nedocromil sodium. The physicochemical properties of
spray dried nedocromil sodium was investigated and compared to those of the
conventionally milled drug, after storage at different relative humidities over a period of
time. The in vitro inhalation behaviour of both powders was evaluated and compared,
after placing them in the novel DPI at varying conditions.

Optimum spray drying conditions for nedocromil sodium were ascertained, where a 10%
w/v feed concentration and 200°C inlet temperature produced the best product in terms
of shape, size and yield. Spray drying produced discrete spherical particles with a volume
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median diameter of 3.19 pm which were found to be significantly (p<0.05) smaller and
of a narrower size distribution than the milled particles. Relative humidity and storage
time had a marked effect on the appearance and size of the milled and spray dried powders
as determined by SEM and laser diffraction analysis. On storage at high humidities, fusion
of the particles to each other was noted after 2 weeks, suggesting physical instability. The
milled powder showed signs of physical change at 59% RH and above, whereas the spray
dried powder showed signs of degradation at 44% RH and greater. The formation of
agglomerates at higher humidities seen with SEM was reflected in the increased particle
sizes obtained using laser diffraction analysis. Although SEM was not able to detect
further changes in the particles after storage for 3 months, laser diffraction analysis results
indicated that for both powders, the particle size generally increased after storage for 3
months. From the point of view of the particle size, spray dried nedocromil sodium would
appear to be a reasonable candidate for inhalation therapy. The instability of the powder
may however have disadvantageous effects on its use.

TGA and DSC were techniques used to study the thermal behaviour of both milled and
spray dried nedocromil sodium, enabling both quantitative and qualitative evaluation of
solid state modifications occurring in the powders. The data from this study has shown
that spray dried nedocromil sodium undergoes thermal dehydration at lower temperatures
than milled nedocromil sodium. This indicated that the crystalline milled powder had
greater stability to dehydration than the amorphous spray dried powder (confirmed by
PXRD), suggesting that water was more loosely bound in the spray dried powder than in
the milled. Stability tests for up to 6 months were carried out on the milled and spray
dried powders. Powders had been stored under different relative humidities ranging from
0 to 98%. After storage of the spray dried sample at 44%RH, the DSC and TGA
thermograms obtained suggested that its amorphous form had converted to a crystalline
form. Hence, thermal analysis suggests that the nature of water binding in this spray dried
sample is similar to the trihydrate form of nedocromil sodium. This study would imply
that the solid-state stability of spray dried nedocromil sodium would be maintained if
stored below 44% RH. Therefore, protecting the sample from the environment by
incorporating special design features (e.g. a desiccant) to the delivery system may provide
better aerosolisation of the powder. Nedocromil sodium was found to exist as a
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heptahemihydrate at higher relative humidités (85% and 98% RH). Stability studies have
shown that storage of the samples for 6 months did not seem to affect the physical
stability of the drugs, regardless of the relative humidity. Such a study can provide an
estimation of the maximum relative humidity and temperature that a powder can be
stored, handled and transported without degrading in any way.

The findings of these studies have been reinforced with data from isothermal calorimetry
investigating the surface energetics of the milled and spray dried powders, by measuring
its interaction with water vapour. Using a combination of the data obtained from this
method and DVS, thermodynamic parameters were calculated to help predict the
mechanism of wetting of the powders. The microcalorimetry and DVS data displayed
different adsorption behaviour between the milled and spray dried powders, demonstrating
that they may experience complicated moisture induced structural changes. For the milled
sample, the large positive value for heat of adsorption at 20%RH, represented an
exothermic process and also demonstrated that the sample has favourable interaction with
water at this relative humidity. After 20%RH, the adsorption isotherm indicated that the
polymorphic form remained stable. Results obtained for the spray dried sample portrayed
that this powder favoured interaction with water than the milled material.

Microcalorimetry and DVS have also been used to monitor and interpret recrystallisation
of the amorphous spray dried powder. Results have shown that it is physically and
thermodynamically unstable above 50% RH, as it takes up moisture at high humidities and
experiences a transition from the glassy to the rubbery amorphous state before
crystallisation. The water vapour sorption studies showed that the spray dried amorphous
sample sorbed twice as much water vapour than the milled drug.

The aerosol deposition pattern of the powder delivered from a DPI will ultimately
determine its clinical usefulness. In this study, both the milled and spray dried powders
were blended with a lactose carrier. The formulations were delivered from the novel DPI
in order to evaluate and compare their performance under varying conditions of storage
and testing using an MSLI. Assembled devices were stored under three different relative
humidity conditions at 30°C (22%, 45% and 84% RH). The data from these aerosol
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studies established the performance of the DPI formulation at high and low humidity. The
results were expressed as total; emitted dose, emitted fine particle dose (FPD) and %
emitted FPD, and the following aerosol parameters were determined; MMAD and GSD.

In terms of emitted fine particle fraction, the milled drug-lactose blend aerosolised more
efficiently fi'om the Ultrahaler™ than the spray dried drug-lactose blend. However, in
terms of total emitted dose, the spray dried formulation performed better. It was also
concluded that the aerosol deposition of the milled formulation was significantly (p <
0.05) affected by changing testing conditions only to 84% RH, or changing a combination
of storage and testing conditions to 84% RH. The % emitted FPD and the total emitted
dose for the spray dried formulation showed no significant differences regardless of
changes in storage conditions, testing conditions or a combination of both. The spray
dried drug formulation gave MMADs ranging fiom 7.8 to 12.5 pm and the milled drug
formulation gave MMADs between 3.7 to 6.4 pm. The higher MMADs obtained for the
spray dried drug formulation was thought to be due to aggregated particles being
deposited in the upper stages of the MSLI, as opposed to individual particles.

Spray drying has been shown to be successful in producing primary particles of a size
range suitable for inhalation. However, in the case of nedocromil sodium, this is
counteracted by the increased cohesive and adhesive nature of the spray dried material,
which reduces its ability to dissociate fiom the carrier. This study has sought to provide
a better understanding of the effect of moisture on nedocromil sodium and the moisture
adsorption phenomena. Data obtained would provide useful information that may be
employed to develop a successful dry powder formulation.
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6.2 Future work

In vitro aerosol deposition data obtained for the spray dried drug formulation portrayed
a deleterious impression about the powder. It must be emphasized that the formulation
of the powder mixture, the construction of the inhaler device and form of in vitro testing
would all influence the behaviour of the drug particles during inhalation. Hence, altering
one or all of these factors could optimise the aerosolisation of the spray dried powder.
This creates a basis for further studies to be carried out on spray dried nedocromil sodium
in order to optimise the fine particle fraction of the aerosol. It must be noted that inhaler
device and the drug/carrier mix has been optimised for the milled drug.

It is suggested that various grades or sizes of lactose and blend strength of spray dried
nedocromil sodium/lactose could be evaluated to determine the formulation which would
provide optimum reproducible drug delivery from the novel device. A fine particle
fraction of nearly 50% has been found with small sized lactose and a low drug load
(Steckel and Muller, 1997a).

In order to further define the significance of testing and storage conditions, additional
experiments covering a wider range of humidities and temperatures would be desirable,
e.g. storage at 22% RH and testing at 45% and 84% RH, or storage at 84% RH and
testing at 22% and 45% RH.
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Table A l -% Deposition profile fo r milled nedocromil sodium using the multistage liquid impinger

Conditions of storage and testing (%RH)

Throat

ECD
(^m)
20.0

1

13.0

2

6.8

3

3.1

4

1.7

Stage

Filter

22/22

84/84

45/22

45/45

45/84

28.84
(5.54)
40.69
(5.36)
8.19
(1.70)
9.64
(1.96)
6.96
(1.32)
5.69
(1.11)

16.88
(3.37)
66.81
(6.58)
6.44
(1.45)
7.22
(1.70)
2.33
(0.97)
0.32
(0.20)

29.47
(5.38)
40.54
(10.20)
7.27
(1.47)
9.34
(2.17)
7.48
(1.80)
5.90
(1.44)

19.49
(3.09)
45.81
(2.57)
9.76
(1.70)
12.05
(1.56)
7.57
(0.60)
5.33
(0.63)

21.54
(1.67)
57.77
(4.43)
9.03
(1.45)
8.54
(1.85)
2.57
(2.10)
0.56
(0.57)

n=6 ± sd
Table A2 - % Deposition profile fo r spray dried nedocromil sodium using the multistage liquid

Stage

ECD

Throat

(^im)
20.0

1

13.0

2

6.8

3

3.1

4

1.7

Filter

22/22
13.16
(9.45)
81.85
(14.99)
2.50
(2.45)
1.71
(2.29)
0.60
(0.68)
0.29
(0.33)

Conditions of storage and testing (%RH)
84/84
45/22
45/45
45/84
10.39
(4.89)
84.53
(8.95)
3.11
(2.64)
1.68
(2.00)
0.22
(0.23)
0.07
(0.07)

n=6 ± sd
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20.27
(8.88)
71.47
(15.16)
3.86
(2.68)
2.85
(2.46)
0.97
(0.86)
0.58
(0.50)

12.16
(5.99)
79.26
(14.91)
4.07
(3.60)
3.03
(3.62)
0.99
(1.25)
0.49
(0.58)

9.87
(6.21)
81.79
(16.83)
4.22
(4.60)
3.57
(5.26)
0.51
(0.74)
0.05
(0.08)

Appendix

Table A3 - % emitted fine particle dose o f milled nedocromil sodium at various storage / testing
humidities.

% emitted fine particle dose
Device

1

2

Dose
Number
1

22/22%

84/84%

45/22%

45/45%

45/84%

20.46

6.31

16.53

24.24

17.98

50

23.54

8.97

25.93

25.07

7.23

100

28.14

11.76

25.24

23.89

9.76

1

21.86

9.46

19.49

22.79

11.76

50

17.21

10.11

19.51

25.08

7.39

100

22.53

12.59

29.60

28.57

15.87

Mean
sow

22.29
3.61

9.87
2.22

22.72
4.96

24.94
1.97

11.67
4.45

Table A4 - % emittedfine particle dose o f spray dried nedocromil sodium at various storage / testing
humidities.

% emitted fine particle dose
Device

1

2

Dose
Number
1

22/22%

84/84%

45/22%

45/45%

45/84%

8.18

3.39

7.94

10.81

14.18

50

0.38

0.30

0.99

0.84

0.20

100

0.69

0.12

1.00

1.00

0.41

1

4.75

5.78

8.32

12.19

9.21

50

0.48

0.29

0.81

1.12

0.44

100

0.51

2.00

7.33

1.08

0.34

Mean
SD t±)

2.50
3.26

1.98
2.26

4.40
3.81

4.51
5.44

4.13
6.07

246

Appendix

Table AS -Total emitted dose o f milled nedocromil sodium at various storage / testing humidities.

Total emitted dose (mg)
Device

1

2

Dose
Number
1

22/22%

84/84%

45/22%

45/45%

45/84%

3.05

2.92

3.11

2.95

3.11

50

4.08

3.37

3.62

3.74

2.62

100

3.98

3.23

3.89

3.82

2.77

1

3.26

3.16

3.00

3.51

3.09

50

3.99

3.72

3.80

3.73

2.75

100

4.41

3.35

3.78

4.14

3.55

Mean
SD(±)

3.80
0.52

3.29
0.27

3.53
0.38

3.65
0.40

2.98
0.34

Table A6 - Total emitted dose o f spray dried nedocromil sodium at various storage/testing humidities.

Total emitted dose (mg)
Device

1

2

Dose
Number
1

22/22%

84/84%

45/22%

45/45%

45/84%

2.50

2.78

2.93

2.86

3.06

50

3.77

3.07

3.25

3.89

4.12

100

4.28

4.30

4.54

4.46

3.88

1

2.82

3.00

3.45

3.25

2.83

50

4.17

3.59

3.38

3.58

3.09

100

4.69

4.13

3.78

5.23

3.63

Mean
SD(±)

3.71
0.87

3.48
0.63

3.56
0.56

3.88
0.86

3.44
0.52
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Table A7 - Emitted fine particle dose o f milled nedocromil sodium at various storage / testing
humidities.

Emitted fine particle dose (mg)
Device

1

2

Dose
Number
1

22/22%

84/84%

45/22%

45/45%

45/84%

0.62

0.18

0.51

0.72

0.56

50

0.96

0.30

0.94

0.94

0.19

100

1.12

0.38

0.98

0.91

0.27

1

0.71

0.30

0.59

0.80

0.36

50

0.69

0.38

0.74

0.94

0.20

100

1.00

0.42

1.12

1.18

0.56

Mean
SD(±)

0.85
0.20

0.33
0.09

0.81
0.24

0.92
0.16

0.36
0.17

Table A8 - Emitted fine particle dose o f spray dried nedocromil sodium at various storage / testing
humidities.

Emitted fine particle dose (mg)
Device

1

2

Dose
Number
1

22/22%

84/84%

45/22%

45/45%

45/84%

0.20

0.09

0.23

0.31

0.43

50

0.01

0.01

0.03

0.03

0.01

100

0.03

0.00

0.05

0.04

0.02

1

0.13

0.17

0.29

0.40

0.26

50

0.02

0.01

0.03

0.04

0.01

100

0.02

0.08

0.28

0.06

0.01

Mean
SD1±)

0.07
0.08

0.06
0.07

0.15
0.13

0.15
0.16

0.12
0.18
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