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Abstract
Amorphous spray dried powders of “respirable” size have been produced and their 

potential for use in powder aerosol formulations investigated.

The drying conditions for salbutamol sulphate, a hydrophilic respiratory drug, were 

optimised using the Mini Büchi 190 spray dryer. The feed solution temperature and the 

location of the yield was found to influence the size and moisture content of the particles. 

The surface area and morphology were determined for the spray dried samples with 

comparisons made to micronised particles.

The amorphous form is physically and thermodynamically unstable and under favourable 

temperature and relative humidity will revert back to the stable crystalline species. 

Various techniques were used to study this conversion and the appropriateness of further 

processing to induce aggregation. Microcalorimetry revealed; how different drying 

conditions would affect relative physical stability, the degree of batch to batch variation, 

and the influence of different carrier lactose types. Increased physical stability was 

imparted by the addition of amorphous spray dried lactose. In addition, the depression 

of glass transition temperature with moisture uptake was observed and the production of 

a partially crystalline form was detected.

Aerosol deposition studies were carried out at 60.0 Lmin"  ̂with the Rotahaler* (Glaxo) 

using; the Andersen cascade impactor, multistage liquid and twin impingers. 

Deagglomeration and aerosolisation efficiency was inferred from device retention and 

oropharyngeal deposition. Respirable mass and fine particle dose indicated the likely 

degree of deep lung penetration. The impaction methods differed in the amount and 

reproducibility of the particle size information provided. Significant differences were 

detected in micronised samples but not in spray dried batches. At 28.3 Lmin'^ the 

Andersen was unable to adequately disperse and aerosolise the cohesive powders.

Size enlargement into aggregates was achieved by tumbling carrier-free and drug/lactose 

mixes. The size fraction of carrier and the pre-storage humidity of drug significantly 

affected the measured aerosol properties.
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Chapter 1 Introduction

1. General Introduction

The work presented in this thesis concerns the study of an amorphous dry powder aerosol 

system. The study is divided into three major experimental sections which encompass; 

the production of the primary particles, investigation of their physical stability, and an 

evaluation of the characteristics of the aerosol formed on dispersion of the powder. This 

introductory chapter outlines general important considerations in pharmaceutical aerosol 

science.

An aerosol consists of finely divided liquid droplets or solid particles in a stable gaseous 

suspension. Their employment for medicinal purposes was historically established with 

the use of volatile inhalants and "smoke" remedies for breathing difficulties (Grossman, 

1994). Modem inhalation dosage forms are more sophisticated. The aerosol formulator’s 

aim is to produce a product, in combination with a designated device, which delivers 

aerosolised drug with characteristics that maximise reproducible pulmonary deposition, 

with limited inter-subject variation, at the required site of action. To realise this objective 

requires understanding of a variety of influencing parameters, as well as of the complex 

physiology of the target organ.

1.1 Lung physiology and inhalation therapy

Respiratory tissue is specialised to give the largest available surface area (estimated as 

70 to 80 m^) and minimal resistance required for its major function of gaseous exchange. 

In addition, it protects the pulnionary surface from foreign body invasion by efficient 

clearance systems. The lung's tortuous nature and the high air velocity through it 

promotes deposition. Methods to deliver drug to the lung have, therefore, to be 

sufficiently sophisticated to overcome the protective mechanisms against particulate 

deposition.

The human airway is essentially divided into the upper and lower respiratory tract. The 

upper being the nose, nasal passages, paranasal passages, mouth, eustachian tubes, 

pharynx, larynx, trachea and bronchi. The lower respiratory tract consists of the 

bronchioles (approximately 16 generations) and the alveoli, of which there are 300
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million in the adult lung (Washington and Wilson, 1989). The tracheobronchial tree, 

innervated by the sympathetic and parasympathetic nerves, is composed of the central 

airways (bronchi) and the peripheral airways (bronchioles) with associated functions of 

conduction and gaseous exchange respectively. It is in the terminal and respiratory 

bronchioles where bronchoconstriction occurs in asthma, a common respiratory disorder, 

due to the contraction of smooth muscle in the walls. This smooth muscle is not present 

in the alveolar regions. Pj-receptors, which mediate adrenergic compound binding and 

subsequent bronchodilatation relieving airway constriction, are located throughout the 

respiratory tract with a greater density concentrated in the lower airways (Gonda, 1988).

Drug delivery by inhalation is primarily intended for local topical action to treat 

pulmonary diseases, such as; bronchial asthma, bronchitis, emphysema, cystic fibrosis, 

chronic obstructive pulmonary disease (COPD), microbial infections, pneumoconiosis, 

carcinomas and tumours (Clay, 1988). Asthma is the most prevalent of these diseases and 

is characterised by varying severity of dyspnoea (shortness of breath) caused by 

bronchoconstriction or airways narrowing due to inflammation of the small peripheral 

airways. It can be brought on by extrinsic provoking allergens or an intrinsic pre

disposing atopic state. Current respiratory pharmacotherapy comprises mainly of 

bronchodilating sympathomimetic agents such as the Pj-agonists; salbutamol, terbutaline 

and the longer-acting lipophilic salmeterol. Several new therapeutic molecules for asthma 

therapy are being investigated. These include antagonists or inhibitors of leucotriene, 

cytokine, tachykinin, bradykinin and endothelin, as well as the more established drugs, 

heparin and frusemide (Wasserman and Renzetti, 1994).

Anticholinergics, corticosteroids, prophylactic agents (e.g., sodium cromoglycate and 

nedocromil sodium), mucolytics, antibiotics, analgesics, recombinant DNA molecules 

(rhDNase, Pulmozyme®, Roche) and gene replacement therapy are also delivered by the 

inhaled route. Systemic absorption has also been investigated, for the possible delivery 

of proteins and peptides, such as insulin and heparin, made possible by the large 

blood/air interface and the different spectrum of metabolic enzymes found in the lung 

(Liu et al., 1993; Okumura et al., 1994). Systemically acting ergotamine and glyceryl
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trinitrate (GTN) have also been given by this route in the past.

Inhaled aerosols can also be used diagnostically. They can be used to assess the extent 

of airways ventilation, reactivity, epithelial permeability and mucociliary transport (i.e., 

the upward propulsion of mucus by ciliary movement to the oropharynx where 

swallowing occurs) (Byron, 1986; Gonda, 1988).

1.2 Lung deposition

Knowledge of the air flow characteristics of the upper respiratory tract is limited but in 

an attempt to simulate realistic airway geometry, physical models or airways casts have 

been used to determine the nature of airflow dynamics in the tracheobronchial tree. From 

these, mathematical models describing deposition mechanisms were contrived. There are 

three main mechanisms; impaction, sedimentation and Brownian diffusion (Moren et al.,

1985). Other deposition mechanisms such as, electrostatic attraction due to charging 

during aerosol production (triboelectriflcation), interception (significant for long fibrous 

particles) and thermophoresis have been postulated but are poorly comprehended and are 

considered to be of much less significance (Moren et al., 1985).

1.2.1 Impaction

This mechanism is of importance in the upper respiratory tract where linear airflow 

velocities are high and segregation of droplets occurs due to their inertial properties. 

Particles having large aerodynamic diameter (i.e., the physical diameter of a unit density 

sphere which settles with a velocity equal to the particle in question) usually > 1 0  pm, 

have an increased tendency to collide with surfaces when encountering bifurcations and 

changes in airways direction (Stahlhofen et al., 1980). A failure to maintain airstream 

position results in deposition, the probability of this type of deposition being proportional 

to:-

Eq.1.1

UtVsinO/grd

28



Chapter I  Introduction

where:-

Ut = terminal settling velocity

V airstream velocity

0  = angle of change in airway direction

fd airway radius

g gravitational acceleration

1.2.2 Gravitational sedimentation

Smaller particles ^ 3 pm are likely to deposit by sedimentation in the small peripheral 

airways where airflow velocities are inadequate for inertial impaction to occur 

(Stahlhofen et al., 1980). Particles sediment (generally according to Stoke’s law) with 

increasing acceleration until a terminal settling velocity is reached due to gravitational 

forces being balanced by air resistance (Clay and Clarke, 1987). This velocity is 

expressed by Eq.1.2;-

Eq.1.2

Ut= pgdVl8q
where:-

Uj = terminal settling velocity

p = particle density

d = particle diameter

g = gravitational acceleration

■q = air viscosity

1.2.3 Brownian diffusion

This only affects particles with an aerodynamic diameter < 0.5 pm which penetrate lung 

regions which have little air movement. Continual random bombardment of such 

particles by gas molecules causes irregular Brownian movement which may result in 

deposition onto the pulmonary surface. Many particles in the 0.5 pm range are not small 

enough to diffuse through the still air but are sufficiently small to have high airborne 

stability and up to 90 % are exhaled (Gonda, 1988).
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The consequence of all these mechanisms acting on different regions of the lung is that 

aerosol concentration, size and polydispersity all decrease on passage down the 

respiratory tract (Florence and Attwood, 1981).

13 Lung clearance mechanisms

Byron (1986) considered the consequence of clearance mechanisms on drug residence 

times in various lung regions. Generally, the duration of therapeutic action is a complex 

function of deposition, mucocilliary clearance, drug dissolution or release from carrier, 

absorption, tissue uptake, and metabolic processes. The rates of clearance from the 

airways executed by these mechanisms are dependent on the nature of the delivered 

aerosol droplet and drug characteristics.

13.1 Mucociliary transport

Much of the respiratory epithelium is covered with a mucus membrane made of ciliated 

cells and numerous goblet cells. For insoluble particles depositing in ciliated regions the 

prime mode of clearance from the lung is mucocilliary transport which together with 

cough forms what is known as tracheobronchial clearance and occurs within several 

hours (Camner and Mossberg, 1985). This is also termed the fast clearance phase. The 

effect of preservatives on ciliary motility and the rheological properties of mucus have 

been investigated, leading to the discovery of toxic effects, e.g., by thiomersal and 

chlorhexidine used in nasal formulations (Batts et al., 1990). A change in mucus 

rheology can result in a reduction of absorption rate, an impairment of upward 

propulsion, and a narrowing of the airways (Gonda, 1988). It seems important, therefore, 

that all constituents of aerosol formulations for inhalation are biocompatible, i.e., do not 

adversely effect native secretions, glycoprotein mucus, lung surfactant, etc. (Beasley, 

1988; Worthington, 1988).

Mucociliary clearance is not directly available for insoluble particles impacting in the 

non-ciliated alveolar regions. Macrophages engulf these particulates and either transfer 

them to ciliated regions or permeate through the alveolar wall for clearance by tissue 

fluids or the lymphatic system (Gonda, 1988). Clearance rates in these cases are much
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longer, in the region of days or months. It follows, therefore, that the clearance rate of 

insoluble compounds is dependent on the site of deposition. Particles depositing in the 

conducting airways will have much shorter retention times than those depositing in the 

periphery where some will remain and accumulate due to poor absorption through the 

alveolar mucosa. This was demonstrated in the numerous studies carried out by 

Stahlhofen and co-workers on lung clearance and retention of insoluble particulates using 

bolus monodisperse doses of radiolabelled substances such as; camauba wax, iron oxide, 

polystyrene and teflon (Stahlhofen et al., 1986,1987 and 1994).

13.2 Absorption

Little is known about pulmonary absorption. Sophisticated studies have been performed 

on animal models but the correlation of these with the human lung can be dangerously 

inexact (Batts et al., 1990). The inhaled drug may be absorbed from the upper and lower 

regions of the respiratory tract but also from the stomach and intestines. This is because 

swallowing follows direct impaction onto oropharyngeal regions and/or transport of 

impacted drug to this area by mucociliary transport. Absorption through the lung is 

generally more rapid than through the gastrointestinal tract and the spectrum of 

enzymatic activity is different (Fishman and Pietra, 1974). This difference can be 

exploited to achieve pulmonary activation of respiratory pro-drugs, e.g., Bambuterol® 

(Astra). Furthermore, this means that the inhaled route may be advantageous for drugs 

not significantly absorbed following oral dosing, e.g, sodium cromoglycate.

Lipophilic compounds, such as salmeterol, are absorbed passively across the lipid-lung 

membrane according to their oil/water partition coefficient. The respiratory membrane 

being preferentially permeable to the un-ionised forms of a drug. Less lipid soluble drugs 

dissolve in lung fluids and can, therefore, be absorbed more rapidly through aqueous 

pores. The rate of absorption being inversely proportional to the molecular weight of the 

molecule and dependent on its aqueous solubility (Barrowcliffe and Jones, 1987). In 

addition certain drugs, e.g., sodium cromoglycate, are absorbed at least in part by 

saturable carrier-mediated active transport mechanisms. In the peripheral airways and 

alveolar regions absorption is more rapid due to the thinner diflusional barriers present.
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1.3.3 Metabolism

The efficacy of a deposited drug can be assessed by the level of pharmacological 

response achieved. The regional distribution of response mediators such as smooth 

muscle, mast cells, and other inflammatory cells and the pharmacodynamics of relevant 

drug receptors is important to consider but poorly understood (Gonda, 1988). Each of 

these sites can be responsible for local metabolism. This metabolism, known as lung first 

pass effect, is important for certain therapeutic agents. Isoprenaline sulphate, for 

example, undergoes sulphate conjugation in the gastrointestinal tract. This sulphate 

conjugate is considerably less active than its methylated metabolite which is produced 

by metabolism in the lung. Absorption from the lung into the systemic circulation avoids 

hepatic first pass metabolism which is useful for drugs deactivated by this metabolism, 

e.g., glyceryl trinitrate. Disease and smoking can affect clearance by metabolism by: 

stimulating metabolic enzymes; changing the nature of pulmonary blood flow; altering 

lung secretions; and affecting epithelial permeability (Barrowcliffe and Jones, 1987).

1.3.4 Controlled drug delivery to the lung

Asthma and related respiratory disorders are diseases in which polypharmacy is 

promoted due to the complex pathology of the underlying condition. Patient compliance 

and disease management would be improved if long-acting versions of the drugs could 

be formulated. Studies into controlled drug delivery via the inhaled route have employed 

a variety of techniques previously found to have successfully delayed the release of drug 

when given by other routes. These have included: liposomes (Farr et al., 1985 and Taylor 

et al., 1989); biodegradable microspheres (Zeng et al., 1994); drug-macromolecule 

conjugates (Williams and Taylor, 1992); cyclodextrin complexes (Carbral Marques et al., 

1990); and chemical modification of the drug molecule into sparingly soluble salt forms 

(Sitar et al., 1992), co-precipitates and pro-drugs (Zeng et al., 1995). Many of these latter 

systems have been delivered using nebulisers but increasingly dry powder versions are 

emerging, e.g., a freeze-dried liposomal dry powder aerosol was investigated by Schreier 

et al. (1994). Spray drying, which was used to produce the primary particles investigated 

in this thesis, has also been employed in the production of controlled release liposomes 

for aerosol delivery (Goldbach et al., 1993a and b).
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Formulation of controlled release aerosols is of increasing research interest. These 

formulations must, however, satisfy the following requirements: the delivered system 

must be small enough to deposit in deep lung regions in order to avoid rapid clearance 

by mucociliary transport; be biodegradable, be non-toxic; be non-immunogenic; and 

release therapeutic concentrations of drug at the appropriate site (Zeng et al., 1995)

1.4 Determinants of medicinal aerosol therapeutic efficacy

The efficacy of any inhaled medicament is dependent on three inter-related factors; the 

aerosol formulation, the patient, and the delivery device.

1.4.1 Aerosol characteristics

Medicinal aerosol particles can be described in terms of their size, shape and tendency 

to change in dimension on passage down the respiratory tract.

1.4.1.1 Aerodynamic size and size distribution

Aerosol median aerodynamic size and size distribution are the most important variables 

determining the site and extent of deep lung deposition. Although physiological sharp 

cut-off diameters do not exist, optimal deposition in the pulmonary and alveolar 

compartment occurs with aerosols with a mass median aerodynamic diameter (MMAD) 

of 2 to 3 pm or less, the upper therapeutic limit being generally taken as 5 pm 

(Stahlhofen et al., 1980). Where MMAD is the aerodynamic diameter below which 50 

% of the aerosolised mass is contained. Particles of 2 to 3 pm or less, travel beyond the 

extrathoracic region and into the peripheral lung where they will be subjected to minimal 

mucocilliary clearance or absorption through the conducting airway epithelium. There 

is much debate over which cut-off diameter should be used to describe the deep lung 

penetration probability of aerosol systems and standardisation of an exact diameter to be 

used to calculate the fine particle dose (FPD) and fraction (FPF) from inertial impaction 

data is clearly an important issue. The terms FPD and FPF are increasingly used in 

favour of the traditional term “respirable” dose or fraction. “Respirable” dose is no 

longer favoured, as quoting the fraction of delivered dose under a certain small cut-off 

diameter is only an indication of the likelihood of deposition in the respiratory tract.
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The distribution of particle sizes in an aerosol cloud is also considered important in the 

prediction of lung deposition. In addition to having a small MMAD, a large proportion 

of the particulate mass should be below 5.0 pm if deep lung penetration is to be achieved 

(Wong et al., 1995). For size distributions which are log-normal, the geometric standard 

deviation (GSD) is an indication of the extent of aerosol polydispersity. GSD can be 

calculated using the equations given below:

Eq 1.3 GSD (upper) = D^ î  % / MMAD

Eq 1.4 GSD (lower) = MMAD / D̂  ̂gy %

Eq 1.5 GSD = >/ (Dg$ 1 3 % / D^^g^^)

where:

GSD = Geometric standard deviation

MMAD = Mass median aerodynamic diameter

Dg4  1 3% = Diameter below which 84.13 % of the aerosol mass is contained

D 1 5 .8 7 % = Diameter below which 15.87 % of the aerosol mass is contained

Generally, an inspirable cloud vdth a GSD of > 1.2 is regarded as heterodisperse or 

polydisperse. It Has been suggested that the MMAD of very polydisperse clouds is 

unreliable in the prediction of deposition and in these cases FPD is a more accurate 

indicator (Gonda, 1981).

1.4.1.2 Primary particle shape

Particle shape can also be manipulated to achieve deeper lung deposition. For example, 

elongated particles or fibres have shown superior infiltration into the lower respiratory 

regions over spherical particles. The optimal aspect ratio (i.e., the ratio o f length/cross 

sectional area diameter) of these particles was found to be in the range of 3-5 (Hickey et 

al., 1992). Although fibres have been shown to penetrate deeper into the lower lung, 

smooth spherical particles are preferred pharmaceutically as they flow better and are less
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complex to characterise.

1.4.13 Hygroscopic particle growth

Aerosol size distribution changes during inhalation due to evaporation or condensation 

in the lung environment. Initially, liquid droplet particle size decreases due to 

evaporation of propellants and/or solvents. Even water volatility is important due to the 

large surface area to volume ratios of the inhaled droplets - a phenomenon known as the 

Kelvin effect (D’Arcy and McElnay, 1989). This evaporation of solvent ceases once 

equilibrium vapour pressures are achieved. The predominant outcome, however, is that 

of particle growth. The lung has an approximate relative humidity of 99 % and 

temperature of 37 °C, which facilitates its secondary function of humidifying inspired air 

(Pritchard, 1987). The humidity and temperature profile changes regionally through the 

respiratory tract and is difficult to measure precisely (Perron, 1977). This is significant 

as it has been shown that small changes in relative humidity, e.g., 96-99.5 %RH, can 

dramatically effect the growth kinetics of hygroscopic particles such as sodium chloride 

(Xu and Yu, 1985).

Water condensation onto the particle surface will proceed until the vapour pressure 

associated with this surface moisture equals that of the surrounding lung environment. 

In the case of insoluble particulates this surface layer will be thin, whereas for soluble 

materials a saturated solution will be formed on the surface promoting further 

condensation and growth until an equilibrium diameter is achieved (Pritchard, 1987). 

This equilibrium diameter is attained quickly by fine particulates but larger particles will 

grow relatively slowly and continue to do so whilst remaining in the airborne state.

Dry powder aerosol particles have been shown to grow considerably in the humid 

atmosphere of the lung. The extent and kinetics of this growth being dependent on: the 

initial particle diameter; its specific surface area; the inherent hygroscopicity of the 

formulation; the condition of the inspired air; and the transient changes in temperature, 

relative humidity and turbulent flow which the particle encounters (Hickey et al., 1990). 

Turbulent flow, particularly in the upper respiratory regions, favourably reduces the time
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to equilibrium diameter by inhibiting the formation of a supersaturated solution on the 

particle surface (Pritchard, 1987). However, turbulence also adversely affects the relative 

influence of the principle deposition mechanisms operating in the lung. It enhances the 

degree of impaction and decreases sedimentation and Brownian diffusion deposition 

mechanisms by reducing the particle transit time through the airways.

The influence of the above considerations causes hygroscopic particles to grow by a 

factor of 2 or 3 in the humid lung environment (Gonda, 1988). Therefore, it is estimated 

that a hygroscopic bronchodilator must have an MMAD considerably smaller than 3 pm 

in order to avoid deposition in the tracheobronchial region. Hickey et al. (1990) 

successfully inhibited hygroscopic growth of particles by coating them with various 

layers of a hydrophobic substance, such as a lipid or fatty acid.

1.4.2 Clinical considerations

The patients' inhalation profile is made up of the following variable components; 

respiratory flow rate, degree of lung inflation, inspired volume and the breath hold 

interval between inhalation and exhalation. The optimum control of these parameters can 

enhance the residence time and penetration of the aerosols in the lung which in turn 

increases impaction, sedimentation and diffusion (Kassem et al., 1989). For example, 

decreasing the inspiratory flow rate (to 20-30 Lmin'^) will reduce impaction in the upper 

regions and enhance penetration. Deeper ingress is also achieved by inhaling at 

functional residence capacity, i.e., penetration is inversely proportional to the degree of 

lung inflation at the commencement of each breath. Periods of breath holding increase 

the likelihood of sedimentation and diffusion. In addition, intermittent positive pressure 

breathing (IPPB), a method which potentiates airways pressure differentials, results in 

greater aerosol flow and infiltration (Clay and Clarke, 1987). Tidal breathing (normal 

inspiration), however, is preferred over difficult breathing patterns especially where 

severely dyspnoeic patients (those with difficult laboured breathing) are involved.

In addition to the influential variables in the patients’ respiratory manoeuvres mentioned 

above, there is considerable inter-subject variation in airway anatomy, especially within
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diseased populations. This results in unequal deposition patterns which, during a clinical 

trial, may mask subtle differences resulting from changes in the aerosol particles' median 

size and the control of breathing cycles. A diseased airway may become narrowed by 

mucus hypersecretion, inflammation or bronchoconstriction rendering aerosols of <5 pm 

MMAD less penetrating; diverting them to more ventilated regions (Moren et al., 1985).

1.4.3 Delivery devices

The most commonly used means of administering drug via the inhaled route are: 

nebulisers, metered dose inhalers (MDIs) and dry powder inhalers (DPIs). These delivery 

devices are considered below.

1.4.3.1 Nebulisers

A nebuliser converts solutions or suspensions into aerosols by using ultrasonic and 

pneumatic atomisation methods. The prime advantage of nebuliser systems is that they 

are relatively simple and incorporate little in the way of formulation excipients. 

However, they are generally not portable devices and are primarily intended for hospital 

and domiciliary use. Recent research has looked into producing a portable hand held 

device, i.e., the Bineb® (Boehringer Ingelheim)(Steed et al., 1995). The ability of 

nebulisers to deliver large doses of aerosolised active ingredients has meant that they 

have been used in studies investigating the delivery of macromolecules and colloidal 

systems to the respiratory tract (Taylor et al., 1989; Barker et al., 1994).

1.4.3.2 Metered dose inhalers (MDIs)

Metered dose inhalers are pressurised canisters filled with drug dissolved or dispersed 

in a suitable liquid propellant mixture to which surfactants are added to maintain 

suspension stability. These dosage forms are the most widely used means of delivering 

medicinal aerosols. They have the advantages of being; easy to use, inexpensive, able to 

deliver precise unit doses, and give reproducible lung deposition if co-ordination is 

achieved between actuation and inhalation (Crompton, 1990). This need for 

synchronisation is a drawback which has in part been overcome by the use of spacers and 

breath actuated devices.
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The chlorofluorocarbon (CFC) propellants used traditionally in these formulations are 

environmentally "unfriendly" and have been tentatively linked with unfavourable 

arrythmogenic effects and bronchospasm. Alternative, non-CFC propellants have been 

investigated. Some of the initial candidates investigated were highly flammable, showed 

poor solubility for currently used surfactants and exhibited long term toxicity (Dalby, 

1992; Daly, 1992). More promising alternatives have emerged from the 

hydrofluoroalkane family of propellants. HFA-134a has been proved toxicologically safe 

and is used in the Airomir® (3M Healthcare) salbutamol sulphate inhaler. HFA-227 is 

also scheduled to be approved in the near future. The replacement of CFCs with HFAs 

is not entirely straightforward, however. The emergence of the new propellants has 

prompted modifications to the metering valves and filling equipment, due to the swelling 

and extraction of components previously used in the traditional CFC versions (Crackwell 

and Rowlett, 1994). In addition, the difference in the polarity and vapour pressure of the 

HFAs compared to the CFCs means that significant re-formulation and modification of 

manufacturing procedures is required.

1.4.3.3 Dry powder inhalers (DPIs)

Dry powder systems generate aerosols by dispersing powder in a turbulent airstream. 

Formulations for DPIs contain particles of dmg in the appropriate size range for deep 

lung deposition, which are either diluted with larger inert carrier particles or are loosely 

aggregated in order to aid filling of the delivery device and subsequent release and 

aerosolisation. Unassociated drug particles are not used due to their static, cohesive, and 

adhesive nature resulting from the processes involved in controlled particle size 

reduction.

Dry powder inhalers are widely used and are likely to become more popular as the use 

of CFCs declines. Table 1.1 lists the pre-requisite features of an ideal dry powder inhaler 

to which existing DPIs conform to a varying degree. Figure 1.1 shows three of the most 

commonly used DPIs. The Rotahaler® (Glaxo) has been used in this thesis as the means 

of generating dry power aerosols. It is a traditional hard gelatin capsule based system, 

Wiereas the Turbuhaler® (Astra) is a reservoir device which meters drug on priming the
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inhaler. The major advantages of DPIs over MDIs is that no co-ordination of inhalation 

and actuation is required and they are less prone to misuse due to, usually, a quantifiable 

number of delivered doses. Furthermore, there exists the possibility of administration of 

relatively large doses, as the drug can be presented to the lower lung without the diluting 

effect of associated propellant or solvent. In addition, the dose per actuation is not limited 

by the volume of a metering valve nor the maximum suspension concentration 

employable without leading to valve clogging, two important considerations in MDI 

formulation.

There are, unfortunately, serious pharmaceutical problems associated with DPIs. Small, 

discrete doses have to be accurately delivered within a matter of seconds. If this dosing 

is dependent on the patient's inspiratory effort, it is prone to great inter-subject variation 

(Pedersen and Steffensen, 1986; Pedersen et ai., 1990). Primary aerosol powder particles 

have very poor flow characteristics and drug losses tend to occur due to adhesion to the 

walls of the delivery device and, where applicable, the insufflator capsules (hard gelatin 

capsules filled with factory metered doses of drug and carrier loaded into the device prior 

to administration). Subtle formulation techniques are required due to the fine line which 

exists between loosely bound clusters and tightly bound aggregates of drug and/or drug 

and carrier. Deagglomeration to the primary aerosol particles and aerosolisation in the 

traditional commercial DPI devices requires substantial inspiratory effort, the type of 

which can not easily be achieved by the class of patients treated. The problems 

associated with incomplete deagglomeration and adherence to the DPI device, 

particularly the poor fine particle fractions obtained, are generally overcome by 

administering twice the therapeutic dose used with MDIs (Chrystyn, 1992).

The physicochemical properties of the drug particles acting at both the macroscopic and 

microscopic level are of considerable importance when formulating DPIs (Ganderton, 

1992). The prominent microscopic characteristics, other than the requirement for small 

particle sizes, include; particle shape, crystalline state, and solid-solid interactions. This 

situation can be complicated by the fact that these parameters can change on storage. On 

a macroscopic level, packing density and equilibrium moisture content are important
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considerations. The latter influences electrostatic charge dissipation, ciystallinity and 

solid-solid interactions.

There is an abundance of patent literature in the area of dry powder aerosol delivery 

devices. Examples of patented systems are given in figure 1.2 (Anonymous - Industrial 

Pharmacists’ Group, 1992). Pharmaceutical companies are filing patents for both 

complex multi-dose systems and simple unit dose disposable devices. With greater 

emphasis being given to emitted rather than metered dose in the new pharmacopoeial 

proposals (Inhalanda, 1993; Byron et al., 1994), it is prudent for companies to produce 

inhalers which contain factory (Accuhaler®/Diskus®, Glaxo) rather than device metered 

doses (Ultrahaler®, Fisons; Easyhaler ® Orion) in an attempt to increase the 

reproducibility of the emitted dose on subsequent aerosolisation (Figures 1.1 and 1.2).

Table L I Characteristics of an ideal dry powder inhaler*
Simple and comfortable to use - suitable for the blind and partially sighted 

Compact and economical to produce 

High aerosolisation efficiency with low inspiratory effort 

Reproducible emitted doses 

High and reproducible fine particle doses

Minimal extra-pulmonary losses of drug - low oropharyngeal deposition

low device retention 

low exhaled loss

Multidose system

Indicates the number of doses remaining or delivered 

Overdose protection

Physically and chemically stable formulation

Powder protected from external environment - can be used in all climates

* Taken and modified from Timsina et al., 1994
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Figure 1,1 Three commonly used dry powder inhaler devices
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FISONS’ RESERVOIR DEVICE (Ultrahalcr®)

Figure L2 Patented dry powder inhaler devices 

(Taken from “Dry powder inhalers - the shape of things to come?”. The industrial 

pharmacist group, 1992)
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1.4.3.3.1 Production of primary aerosol particles

Methods for producing particles of dimensions appropriate for deep lung deposition 

include; micronisation, supercritical fluid extraction (York, 1996), precipitation (Kassem, 

1990) and spray drying (Vidgren et al., 1987; Chawla et al., 1994). Two of these 

methods, micronisation and supercritical fluid extraction, are briefly described below and 

spray drying is discussed in more detail in chapter 2.

Micronisation by fluid energy milling is the usual means by which size reduction of drug 

particles is achieved. Particle size reduction is realised by attrition of the solid drug 

particles, carried in a high velocity gas stream, against themselves and the walls of the 

mill. Although micronisation can produce product of the required small size and narrow 

size distribution by controlling the operating conditions, certain disadvantages are 

associated with this method. The physicochemical properties of the powder may change 

by induction of a surface layer of amorphous material with an associated increase in 

electrostatic charging (Ward and Schultz, 1995). This can affect powder dispersion and 

deaggregation in DPI systems.

The efficiency of micronisation in terms of particle size reduction is highly dependent 

on the properties of the input material, particularly its brittle or ductile nature (Rogerson, 

1996). A minimum diameter exists below which the particles are essentially more ductile 

than brittle and will deform rather than fragment into smaller particles. The uniformity 

of the product is dependent on the batch size produced. Significant batch to batch 

variation is common. Local heating during processing occurs and care must be taken not 

to cause thermal degradation by denaturing or exceeding any transition temperatures 

associated with the material (Rogerson, 1996).

Extraction by supercritical fluids, carbon dioxide in particular, is currently being 

investigated by York and coworkers (York, 1996) as a means of controlling the size and 

shape of particles for inhalation. Supercritical fluids are liquids above their critical 

pressure and critical temperature (Phillips and Stella, 1993). Precipitation of the particles 

occurs by two methods involving atomisation of a feed: (1) rapid expansion of
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supercritical solutions containing dissolved drug; and (2) gas antisolvent re

crystallisation, the supercritical fluid acting as an antisolvent for dissolved drug 

contained in droplets of another liquid. The resultant particles are less cohesive than 

micronised material as high crystallinity is achieved leading to decreased charging 

effects. This was deduced from measurements of shear forces required for dispersion by 

the Aerodisperser® (API Inc., Hadley, MA, USA)(York, 1996).

1.4.3.3.2 Mixtures of carrier and drug

Most DPI formulations with certain notable exceptions, e.g., the Turbuhaler® (Astra), 

contain ordered mixes of drug and larger carrier particles (60-100 pm range)(Ganderton 

and Kassem, 1992). The carrier, usually lactose or glucose (Boehringer products), is 

mixed with drug and filled into either: capsules (Rotahaler®, Glaxo; Spinhaler®, Fisons; 

and Cyclohaler®, Dupont); foil blisters (Diskhaler ? Glaxo); or coiled-tape blisters 

(Accuhaler®/Diskus®, Glaxo). These systems require puncturing or separation of the 

dosing compartment. Aerosolisation and release of active from carrier is achieved by the 

entrainment forces produced by the patient’s inspiratory effort. The carrier aids flow and 

increases the bulk volume of the mix, which facilitates; filling, processing of the powder, 

and metering (by factory or device) of the dose into the aerosolisation chamber.

The large size of the carrier particles will cause them to become completely deposited 

in the oral cavity on inhalation. It is essential, therefore, that efficient dissociation of the 

carrier from the drug occurs during delivery. Variability in the dose delivered from the 

carrier based systems described above is well documented and occurs due to incomplete 

drug/carrier dissociation. Moren (1990) found this variability to be apparent in the FPD 

values obtained from in vitro deposition studies performed at different test flow rates.

Attempts have been made to minimise dose variation by controlling the intensity of 

interaction between the carrier and drug. This has been achieved by varying the degree 

of surface rugosity or roughness of the carrier particles. It was found that by re- 

crystallising lactose to a form with low surface roughness and mixing this with drug, 

produced systems which gave greater FPDs (Kassem, 1990). Other parameters affecting
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this interaction include: mixing time; scale and type of mixing; the carrier size; drug 

carrier ratio and the presence of other excipients (Kassem et al., 1989; Ganderton and 

Kassem, 1992).

1.4.3.3.3 Carrier-free formulation

The Turbuhaler® (Astra) is a reservoir device containing only aggregates of drug in its 

dry powder formulation (Figure 1.1). Excipient free delivery is attractive as it benefits 

people intolerant to lactose and those prone to carrier induced bronchospasm. The 

Turbuhaler® is a multi-dose system consisting of a reservoir filled with drug which on 

priming the device prior to inhalation accurately meters the drug, by volume, into a hole 

from which it is aerosolised and delivered by the patient's inspiration. Its principle 

drawbacks include its requirement for substantial inspiratory effort for efficient 

deagglomeration and stability problems in high humidity environments. The device 

incorporates a large desiccant, as the drug needs to remain dry to maintain physical and 

chemical stability (Wetterlin, 1987).

1.5 Aggregation of primary aerosol particles

Particle size enlargement may seem a contradiction to the previously mentioned pre

requisite of sub 5 pm sized particles for deep lung penetration, but agglomeration of the 

extremely static, cohesive and adhesive primary particles to sizes in the 100 pm range 

is required in order to aid their flow and handling properties (Bell, 1975). Untreated 

particles do not flow well enough to effect reproducible device filling during high 

volume automated production, nor accurate metering of the dose from reservoir systems 

prior to inhalation. Furthermore, agglomeration of primary aerosol particles to the 

required geometry and size distribution maintains mix homogeneity, reduces the number 

of hazardous fines, and facilitates further processing and transportation by increasing 

bulk and particle density.

The production of larger entities from fine particulates is a long established practice in 

manufacturing industry and a wealth of literature exists on methods of achieving 

controlled agglomeration. The methodologies used in particle enlargement can be

45



Chapter 1_______________________________________________________________ Introduction

summarised under the following categories: agitation methods (tumbling agglomeration); 

agitation methods (mixer agglomeration); pressure methods; thermal methods; spray and 

dispersion methods; and agglomeration from liquids (Capes, 1980).

The ideal method for dry powder aerosol particle enlargement will allow control of 

individual agglomerates in terms of; size, size distribution, shape, composition, density 

and strength. The resultant product containing the still identifiable original particles 

should be readily deagglomerated by an achievable inspiration. The bonding requirement 

is therefore weak and transient but sufficiently strong to allow filling, metering and 

mixing. An understanding of the interactive forces is beneficial, though measurements 

of their magnitude is not possible by established tensile strength tests, as they will be 

below the limit of detection. Table 1.2 shows a classification system for all types of 

interactions involved in particle size enlargement. Although theoretical models for 

calculating bonding strengths exist, more than one bonding mechanism will generally act 

simultaneously and thus the models tend to be over simplifications of these systems.

1.5.1 Agitation by tumbling

The final part of this thesis concentrates on one agglomerative method thought most 

likely to achieve the weak clusters required for DPI formulations - agitation by tumbling. 

The bonding mechanisms found in sections 2,3 ,4 and 5 of table 1.2 are most likely to 

be operating in the aggregates formed using this method, i.e, immobile liquids, mobile 

liquids, intermolecular and long range forces, and mechanical interlocking. Diy powders, 

under ambient conditions, \\ill have a layer of adsorbed water molecules on their surface 

which provides an attractive force between the particles. The intensity of this force will 

be dependent on the wettability of the material and its solubility in water. In addition, the 

interactive force will be related to; the particle size and shape, surface roughness, 

porosity, surface contamination, relative humidity, temperature, duration of contact and 

the initial contact velocity (Capes, 1980).
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Table L2 Classification of binding mechanisms according to Rumpf*

Type of bond Binding mechanism

1. Solid bridges • heat hardening

• chemical reaction

• incipient melting due to pressure 

or friction

• deposition (crystallisation) due 

to drying

2. Immobile liquids • viscous binders

• adsorption layers of moisture

3. Mobile liquids • liquid bridges (pendular state)

• voids filled or partially filled 

with liquid (capillary and 

funicular states)

4. Intermolecular and long range forces • Van der Waals

• electrostatic

• magnetic

5. Mechanical interlocking • shape related

*Rumpf, H., " The strength of granules and agglomerates", in: Knepper, W.A. (Ed.), 

Agglomeration, Interscience, New York, 1962:379-414. Taken from C.E.Capes (1980)

An agglomeration process, therefore, can be effected by means of tumbling pre-exposed 

drug particles or particles to which aggregating fluid is gradually added. The choice of 

aggregating or pre-treatment fluid and the subsequent drying conditions are crucial, 

especially with regards to the long term physical and chemical stability of the drug.

At the start of the tumbling process aggregates form into nuclei due to the surface tension
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of the binding liquid. The reduction in the total surface free energy and the decreased 

air-liquid interfacial area is the driving force for further nucléation which proceeds to 

growth by either coalescence or the surface layering of finer particles. The agglomerates, 

withstanding deaggregation by the agitation forces, gradually consolidate expelling 

excess liquid to their surfaces. The amount of binding liquid required for agglomeration 

by this method can be estimated from empirical equations previously elucidated 

(Stanley-Wood, 1990). For DPI formulation purposes it is essential that the process does 

not lead to permanent structures. The amount of moisture or binding liquid required and 

the energy and times of agitation will be considerably less than those used for producing 

tableting granules.

1.6 Deagglomeration and dispersion

A high velocity turbulent airstream can provide the shear forces needed to fully disperse 

a powder. Sufficient energy must be supplied to overcome the attractive forces between 

the particles and separate them. Dispersibility will increase with mean particle size and 

is influenced by; size range, moisture content, bulk density of material and friability of 

agglomerates. In general powders of low moisture content are easier to disperse than 

humidified powders (Hinds, 1982). However, extremely dry conditions (< 5 % relative 

humidity) can promote strong electrostatic forces between particles, reducing their 

dispersibility.

The patient's inspiratory flow, causing air turbulence within the device, is the sole means 

by which commercial DPFs acquire the shear forces needed to effect the release of drug 

from carrier. As considerable energy input is needed to induce deagglomeration by 

entrainment, weak cohesive bonds between drug particles or drug and carrier are 

imperative. Elimination of unagglomerated material and larger particles may be achieved 

by the incorporation of a size selective classifier, usually in the form of a mesh 

positioned downstream from the aerosolisation chamber (e.g., Rotahaler®, Glaxo). 

Another option, as in the case of the Turbuhaler®, is to incorporate spiral channels into 

the mouthpiece; deaggregation occurring by the mechanical effects of the airflow 

centrifugal forces induced (Figure 1.1) (Wetterlin, 1987).
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Pharmacopoeial monographs have yet to appear for the specific testing of DPIs due to 

the problems which arise as to the choice of the most appropriate deagglomerating 

operational flow rate (Qg) used in any deposition test. There is great diversity in the 

range of clinically determined peak inspiratory flow rates (PIFRs) achieved by normal 

and bronchoconstricted individuals. In one study, wheezy children (i.e., those having 

difficulty breathing) achieved PIFR values between 25-60 Lmin'% while under normal 

non-wheesy conditions values o f60-145 Lmin'  ̂were recorded (Pedersen and StefFensen,

1986). In addition, any inspiratory effort may be amplified or dampened by the design 

of the internal air channels within the device (Moren, 1992). Therefore, the inhaler 

resistance is important in the debate over the most appropriate pharmacopoeial impaction 

method and its volumetric flow rate (Clark and Hollingworth, 1993).

1.6.1 Intrinsic inhaler resistance

Below a critical operational flow rate value the clinical efficacy of all DPIs drop 

significantly. The Spinhaler® (Fisons), for example, which has a turbovibratory air pattern 

generated by a loose fitting rotor, is mobilised at inspiration velocities of 35-40 Lmin'^ 

(Bell et al., 1971). The Turbuhaler* needs a greater inspiratory effort and tends to have 

poor therapeutic effect at < 28 Lmin'^ (Pedersen et al., 1990). Large pressure drops 

within certain systems mean that patients can never achieve high flow rate values; e.g., 

with the Berotec® device (Boehringer Ingelheim) values > 16-19 Lmin'^ cannot be 

reached (Kindle and Byron, 1995). In contrast, patients using a Rotahaler® with low 

internal resistance can easily produce > 50 Lmin'^ inspiratory efforts (Moren, 1992). 

With all these systems, however, too high an inspiratory flow rate results in greater 

impaction of drug in the oropharyngeal regions. It is clear, therefore, that an appropriate 

test flow rate is chosen according to the specific resistance of the inhaler. This can be 

done by ranking the inhaler as either low, medium or high resistance and testing at the 

designated flow rate (Table 1.3). Alternatively, the appropriate flow rate can be 

calculated from measurements of pressure drop across the device achieved by typical 

patients (Ganderton, 1996). An operational flow rate which gives a fixed pressure drop 

of 4 KPa (40.8 cmH20) across a DPI is thought to be achievable by a typical patient 

(Olsson, 1996).
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Table L3 Classification* and recommended test conditions for DPIs 

according to intrinsic device resistance

Generic

resistance

Specifications

(cmHaOl^L'min'

Recommended 

test flow rate 

and duration

Device Intrinsic device 

resistance,

Rd

(cmH20)*L'min-'

High Rd>0.12 100 Lmin'* 8s Inhalator Ingelheim* 0.180

(Boerhinger Ingelheim)

Medium 0.12 ^Ro> 0.07 60 Lmin*‘ 4s Turbuhaler* (Astra) 0.100

Low Rd  ̂ 0.07 30 Lmin'* 2.4s Diskhaler* (Glaxo) 0.067

ISF Inhaler *(I.S.F.) 0.055

Spinhaler* (Fisons) 0.051

Rotahaler* (Glaxo) 0.040

Rq - Intrinsic device resistance

Modified from Clark (1994) and Hindle and Byron (1995)

^Classification adopted in USP proposals (Byron et al., 1994)

The relationship between device resistance and relevant pulmonary function parameters, 

such as PIFR* and MIMP* (minimum inspiratory mouth pressure), has been investigated 

with normal and bronchoconstricted individuals (Clark and HoUingworth, 1993; Clark, 

1994). The inspiratory profile on inhaling through a DPI was determined for patients 

with varying severity of pulmonary disease, classified according to the FEVi (forced 

expiratory volume in 1 s). These studies found that the flow rate through a dry powder 

inhaler is proportional to the square root of the pressure drop across it (Eq 1.6). The 

constant of proportionality associated with this relationship is termed the intrinsic device 

resistance (R^) and is normally expressed in the non SI units of (cmf^O)''^ L’̂ min*' 

(Table 1.3). MIMP was found to be a better indicator of the effect of disease and its 

severity on the ability to obtain an adequate inspiratory profile through DPIs of varying 

resistance than PIFR. PIFR and the average maximum device pressure drop 

show a direct correlation (r = 0.93).

* Definitions of relevant pulmonary function parameters are given in Appendix I
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The following relationships were elucidated by Clark and Hollingworth (1993) and Cladc 

(1994).

Eq. 1.6

APon«. = QdRd

Eq. 1.7

APa„„=M IM P(l + ‘/2e*")

where:

DmaxAP,

Qd

Rd

MIMP

average maximum pressure drop across a DPI 

volumetric flow rate through a DPI 

intrinsic device resistance 

minimum inspiratory mouth pressure

The USP proposals for DPI pharmacopoeial testing recommend the use of impactor flow 

rates suitable for the specific of the device (Table 1.3). If the impactor used only 

operates at a single inappropriate flow rate, isokinetic sampling is recommended, which 

involves accelerating the particles to the desired velocity by mixing the sampled aerosol 

with additional air flow (Byron et al., 1994). In addition, the USP proposals advocate a 

sampling time which allows 4 L of air through the impactor (equivalent to inspiratory 

capacity), e.g., 4 s at 60 Lmin'^ and 2.4 s at 100 Lmin'\ Clark (1994), however, showed 

that inhaled volumes ranged between 1-2 L and that inspiratory capacity decreases 

slightly with increasing R^. A shorter sampling time should be used when testing 

aerosols intended for paediatric use due to the smaller lung volumes of children.

1.6.2 The Electronic Lung*

To overcome the disadvantages of using a constant single operational flow rate to test 

aerosol formulations, methods have been developed to bridge the in vitro and in vivo 

situation, e.g.. The Electronic Lung® (The Technology Partnership, Royston, Herts.). 

These methods facilitate the measurement of FPD over a wide range of accumulated
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realistic patient inhalation profiles collected with the DPI in place. The formulation is 

inhaled by the Electronic Lung* into a sampling chamber of appropriate dimensions 

(4 L) and then immediately exhaled through an impactor at its constant operational flow 

rate. The variation in FPD determined over a range of inspiratory conditions may provide 

a better measure of inhaler efficacy and can also give an indication of inter and intra 

patient variability (Brindley et al., 1994).

1.6.3 Deagglomeration independent of inspiration

Alternative DPI's are being developed which are not dependent on the patient's inhalation 

to effect deagglomeration. These rely on external energy sources to overcome the 

cohesive forces of the particles. A number of such systems have been shown to produce 

consistent and reproducible deagglomeration, with decreased dependence on inspiration 

(Schultz et al., 1992).

1.6.3.1 The tape based powder inhaler (TPI)

The TPI device (3M healthcare) requires no patient co-ordination as the action of 

inhalation causes the release of a spring loaded hammer onto a tape of microdimples 

filled with accurate doses of drug or drug and carrier. The microdimples are imprinted 

onto a film of polyester/polyethylene fibres which can be filled by a variety of means 

including the use of electrostatic or Van der Waals' forces. The advantages of this system 

include; accurate metering, high fine particle doses (45-65 %) and an independent and 

consistent energy source (Schultz et al., 1992).

1.6.3.2 Air assisted deagglomeration

3M healthcare has developed a reservoir system which accurately meters drug doses as 

small as 100 pg into a depression. On actuation a small puff of compressed air empties 

the cavity and deagglomerates the drug and/or drug and carrier (Schultz et al., 1992). 

High fine particle fractions and small variations with different sampling flow rates have 

been achieved with this system which has been evaluated with salbutamol, 

beclomethasone diproprionate, and pirbuterol acetate. Similar air assisted devices have 

been developed by Norton Healthcare (Hindle, personal communication) and Valois 

Pharm (Lucas, personal communication).
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1.6.3.3 Active electromechanical dispersion

A multiple unit dose re-usable powder inhaler which employs a combination of airstream 

turbulence and electromechanical energy to deagglomerate and disperse doses of 

salbutamol sulphate and carrier lactose has been developed by Dura Pharmaceuticals 

(Hill, 1994). At a very low inspiratory flow rate a high speed impeller is activated 

generating considerable air turbulence, assisted by the chamber and mouthpiece design. 

This device gives consistent emitted and fine particle doses which are relatively 

inspiratory flow rate independent.

All of these novel devices provide improvements in delivered particle size. In addition, 

these devices seem to provide a means of overcoming the problems associated with the 

dependence of device performance on a patient’s inspiratory flow rate. These devices are 

relatively complex and expensive to produce, however, and ultimately still require the 

powder to flow adequately for accurate filling and metering.

1.7 Aims of the thesis

There is a need for novel particles to be produced in a size range appropriate for 

inhalation therapy. To date, the micronised particles used in dry powder aerosol 

formulations have been cohesive and adhesive in nature and prone to vary considerably 

from batch to batch. Spray drying (Vidgren et al., 1987; Chawla et al., 1994) and, more 

recently, super critical fluid technology (Phillips and Stella, 1993) have been shown to 

be alternative means of producing drug particles of small dimensions. Following the 

elucidation of the optimum spray drying conditions of salbutamol sulphate by Chawla 

(1993), further research into the characteristics of these particles is necessary.

It is postulated that the spray drying method is less prone to producing particles which 

vary significantly from batch to batch, due to the method’s independence of batch size 

and the strict control on the operating conditions employed. In addition, the spherical 

nature of the product and its narrow particle size distribution may facilitate powder flow 

and mixing, as well as giving more reproducible aerosolisation and deposition 

characteristics.
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The objective of the work presented in this thesis was to develop a simple dry powder 

aerosol formulation using a spray drying method to produce the primary aerosol particles. 

The aim of the initial stage of the work was to further investigate the optimal conditions 

used to spray dry salbutamol sulphate. Subsequent studies were aimed at establishing the 

physical stability of these particles by using calorimetric techniques. The effect of further 

processing of these primary particles being of particular interest. The final experimental 

phase concentrated on investigating the agglomerative tendencies, aerosolisation and 

deposition characteristics of the formulations produced from spray dried salbutamol 

sulphate, with and without carrier lactose.
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2.1 Introduction to spray drying

The work presented in this chapter is an evaluation of a spray drying method for the 

production of fine particles for dry powder aerosol formulation. Spray drying is a process 

involving particle formation coupled with a drying mechanism. Simply, it transforms a 

fluid feed to a dry particulate form by atomisation into a hot medium, usually air. The 

association of the atomised spray with the drying air induces solvent evaporation at a 

rapid rate until a final residual solvent content is obtained, and the product is then 

separated from the hot drying medium and collected (Masters, 1991).

All spray dryers incorporate the following four processes; atomisation of feed liquid, 

spray-air contact, drying of droplets, and separation of recovered yield from the drying 

medium. These component steps and the effect of operating variables on the dried 

product properties are explained below with particular reference made to the laboratory 

scale Mini Biichi 190 spray dryer used in this study.

2.1.1 Advantages and disadvantages of the spray drying method

Spray drying offers a number of advantages for powder processing. It is a one step 

continuous procedure which can be automated and performed under aseptic conditions, 

if required, using a variety of dryer designs. The feed material can be in various forms; 

solution, suspension, emulsion or pumpable paste. It is an appropriate method for drying 

heat sensitive products due to the very small residence times in the drying chamber and 

the high rate of evaporation making the particle temperature much lower than that of the 

drying air. The resultant powder can be fine, coarse, agglomerated or granular in nature 

vdth associated physicochemical characteristics which are closely controlled and 

constant throughout the drying operation. The independence of product properties on 

batch size makes batch to batch variation a less important consideration when compared 

to other methods of producing fine primary powder particles.

As spray dryers use a convectional drying mechanism they have low thermal efficiencies 

and are associated with low product yields. In addition, high installation costs result from
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the large scale of the production equipment. The major drawback of this method, in terms 

of product development, is its poor scale-up characteristics. The resultant product 

attributes are dependent on the thermophysical properties of the feed, the diyer design 

and the operating variables (Table 2.1).

Table 2.1 List of spray drying variables

Design and dimensions of spray drying equipment 

Nature of feed (e.g., solution or suspension)

Feed concentration 

Feed temperature

Feed rate and air to liquid mass ratio 

Atomising air pressure 

Atomiser design and orifice size 

Humidity of inlet air

Relative direction of drying airflow and feed 

Drying air temperature 

Yield location

Considerable pilot plant test work is essential for establishing optimum operating 

conditions, with scale up to production equipment requiring the re-setting of the 

operating variables. This modification of operating conditions is based on both the pilot 

plant test data and the experience of operators. Process optimisation can be facilitated by 

understanding the critical process parameters. Theoretical mathematical models to 

predict scale up parameters have been investigated to rationalise an approach to scale up 

and optimisation. For example, Berman et al. (1994) applied thermodynamic laws of 

mass and energy conservation to facilitate scale up of a tablet granulation method from
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a pilot to a production spray dryer. Universal models appropriate for all spray dryers are 

unavailable, however, due to the great variety of spray dryer designs and the extensive 

practical evaluation which needs to be performed for each model. Any existing models 

are product and spray dryer design specific and, thus, an experimental component to 

scale up predictions is always required. The amount of practical work can be minimised, 

however, by the use of strategic statistical experimental design.

Small dimension spray dryers, such as the Mini Biichi 190 (Biichi Laboratoiy- 

Techniques Ltd., Flawil, Switzerland)(Figure 2.1) used in this study have the fblloA^g 

particular disadvantages: they produce very limited particle size ranges; they generate 

large amounts of wall deposited material; and the amount of heat loss is greater in 

proportion to the total heat generated, thus, higher drying temperatures are used 

compared to larger dryers.

2.1.2 Spray drying applications

The spray drying technique is used in a multitude of different industries including; food, 

household products, cosmetics, paint, ceramics, electronics, plastics, fabric and 

pharmaceuticals. In pharmaceutical research and/or manufacturing it has been applied 

in the production of direct compression tableting excipients (Fell and Newton, 1971), 

liposomes (Hauser and Strauss, 1987; Kikuchi et al., 1991), antibiotics (Sato et al., 1981), 

and biotechnology products, such as, enzymes, vitamins and hormones (Foster and 

Leatherman, 1995). It is a particularly attractive method for producing pharmaceutical 

powders due to the close control the formulator can achieve on the product’s particle size 

distribution, bulk density, morphology, and moisture content. In addition, the retention 

of activity, colour, flavour, and aroma is possible.
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na

B

Figure 2 d  The Mini Biichi 190 spray dryer (Biichi Laboratory-Techniques Ltd,, 

Flawil, Switzerland)

A: Collection vessel 

B: Cyclone separator
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The Mini Biichi 190 spray dryer's operation consists of the following four component 

steps. The flow of drying air and product through this apparatus is presented in figure 

2.2:

2.1.3 Atomisation

The production of fine homogeneous sprays of high surface to mass ratio in spray dryers 

is effected by rotary or nozzle atomisers. Rotary atomisers utilise centrifugal forces to 

create sprays by using spinning wheels or discs. They are appropriate where high feed 

rates are required, as in production scale equipment. Nozzle atomisers are either pressure, 

kinetic or sonic energy driven. The atomisers provide the energy required for the liquid 

bulk to break up and disintegrate creating new surfaces by the induction of large 

fnctional forces over the surface of the liquid by mixing with co-current high velocity 

gas. Ultimately, these forces cause the liquid filaments and primary droplets to be further 

broken up into smaller droplets of a monodisperse nature (Byron, 1987), ideal for 

uniform drying due to the equal evaporation rates produced.

The Mini Biichi equipment incorporates a two fluid pneumatic nozzle producing 

homogeneous sprays of small droplet size over a range of operational settings and a 

variety of feed materials. The feed and the atomising gas are fed separately to the nozzle 

head where the feed is broken up into a spray of fine droplets, the feed coming into 

contact with the air \\ithin the nozzle, i.e, internal mixing. Two fluid nozzles of this type 

are often a feature of small pilot scale equipment but are associated with poor yields and 

are expensive to operate due to the high cost of compressed air.

The particle size distribution produced by the atomiser will govern the particle size 

parameters of the resulting dry powder yield. This relationship may be predicted by 

fitting the spray droplet characteristics to established particle size distribution models. 

A log-normal distribution is representative of sprays produced by rotary atomisers, a 

square root normal distribution appropriate for centrifugal pressure nozzles, and a Rosin- 

Rammler distribution best fits nozzle sprays (Masters, 1991).
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(a) Flow of drying air

(b) Flow of product

1. Air intake

t 2. Heating

U 3. Flow-stabilised entrance to drying 

chamber

^  4. Cyclonic separation of product from

drying air

5. Aspirator

6. Inlet temperature sensor

7. Outlet temperature sensor

8. Product collection vessel

A. Feed solution

B. Peristaltic feed pump

C. Product spray orifice

D. Connection for pressurised air flow

E. Connection for cooling water (not 

used in this study)

F. Nozzle de-clogging needle

Figure 2,2 The Mini Biichi 190 sprc^ dryer*s operating principle, and flow of  

(a) drying air and (b) product, (taken from the Mini Biichi 190 spray 

dryer manual, Biichi Laboratory-Techniques Ltd,, Flawil, Switzerland
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Increasing the energy for atomisation will decrease the diameter of the droplets produced. 

In this current study, the aspirator setting influences the velocity of the atomising air. The 

atomisation characteristics and the nature of the resulting droplets will depend on certain 

feed solution characteristics; surface tension, density, viscosity, and gaseous flow 

properties (relative velocity and mass ratio of air and liquid)(Juslin et al., 1995a and b). 

All of these parameters can be affected to a greater or lesser extent by feed temperature 

and, thus, this variable is investigated in this chapter.

2.1.4 Spray-air contact

Solvent evaporation from the spray in the immediate area around the nozzle orifice is 

rapid and sufficient to dry the droplets before they become impacted on the drying 

chamber walls. If drying is too rapid in this vicinity, however, nozzle clogging can occur. 

This can lead to the build up of feed back pressure, distorting the spray angle and 

affecting size distribution (Masters, 1991). Consequently, this will affect the final 

product properties and increase the amount of wall deposition. It is imperative, therefore, 

that suitable contact between spray and drying medium, usually air, is achieved. The 

relative directions of the spray and drying air flow and the nature in which they mix is 

determined by the spray dryer design, which can have a co-current, counter current or 

mixed flow layout. The type of flow is governed by the position of the atomiser in 

relation to the drying air inlet(s). The residence time of the particle in the drying chamber 

is controlled by the nature of this spray-air movement; fine sprays being under greater 

airflow influence than coarse dense sprays. As the spray-air contact can have an 

important effect on the dried product properties, the appropriate layout is chosen 

according to the product’s required size, form and heat tolerance.

The Mini Biichi 190 spray dryer has a co-current arrangement, where the spray and the 

drying air travel through the drying chamber in the same direction (Figure 2.2). This type 

of flow is most appropriate for heat sensitive materials as the evaporation rate is rapid. 

The hottest drying air comes into contact with the most solvent laden particles causing 

greater evaporation and expansion rates. This results in product of low bulk density
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having greater entrapped air volume. In the case of porous materials, a pitted surface may 

be evident or non-spherical fragments may be produced by fracturing, if the material is 

sufficiently brittle (Masters, 1991).

2.1.5 Drying

The driving force responsible for drying the sprayed droplets is the difference in vapour 

pressure between the free solvent associated with the droplet and that of the heated 

surrounding air. The temperature of the drying surface approximates to the wet bulb 

temperature of the drying air. Dehumidified air can be used as a means of reducing the 

inlet temperature used. Nitrogen or other inert gases can be used where the feed contains 

flammable solvents. The rate and efficiency of evaporation, which determines the 

physical properties of the collected product, will be dependent on; the dimensions of the 

drying chamber, the temperature and contact with the drying air, the surface area of the 

droplet, the hygroscopicity and concentration of the dissolved or dispersed material.

The function of the drying chamber is to provide the required air/particle residence times 

for obtaining the desired residual moisture content in the product without progression to 

heat degradation. Foster and Leatherman (1995) found that increasing the drying 

chamber size by changing from a laboratory scale to a pilot scale spray dryer increased 

mean volume diameter of their protein particles with an associated decrease in bulk 

density whilst the indices of flowability and the surface morphology of the product 

remained similar. ,

The evaporation process consists of two phases and is initiated as soon as the spray 

contacts the drying medium. Initially, the saturated surface conditions are maintained as 

moisture is immediately replenished from the droplet core. The evaporation rate is 

constant during this period and the majority of solvent is removed in this stage. As the 

drying progresses a critical point is reached when the moisture vaporising at the surface 

can not be instantly renewed from beneath and a solid phase forms on the surface of the 

droplet inhibiting the evaporation of solvent from the interior. The evaporation rate
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becomes dependent on the difhision rate of moisture through the crust of increasing 

thickness and, thus, this phase is termed the failing rate period. The droplets can dry to 

single, misshapen or agglomerated particles, their nature being dependent on whether the 

dried material is porous, rigid, plastic or brittle (Figure 2.3). If the temperature of the 

surroundings is greater than the boiling point of the liquid and the particle is porous, 

vaporisation will increase the pressure within the droplet causing expansion until such 

time that the crust ruptures forming pores or pits in the product surface (Newton, 1966).

2.1.6 Separation of dried product from the drying medium

Dried product becomes entrained in the drying air and exhausts from the drying chamber 

into the recovery section. Recovery can be carried out by means of cyclones, bag filters, 

scrubbers or electrostatic precipitators. Separation by cyclonic airflow, as in the Mini 

Biichi spray dryer, is not 100 % efficient and some fine product is lost with the exhaust 

air which, in this open cycle arrangement, is dispensed to the outside atmosphere. Some 

of the product becomes impacted onto the sides of the separator and the rest drops into 

a collection vessel. It is usual practice to combine these two fractions. Production 

equipment may include temperature and humidity control in the collection chamber if 

highly hygroscopic particles are to remain in the chamber for a considerable time. 

However, a low exhaust humidity can lead to product over drying (Berman et al., 1994).

2.1.7 Dried product properties

The following dependent properties of the recovered product can be affected by variation 

of the operating variables listed in table 2.1.

• particle size distribution and mean size

• surface morphology

• bulk density

• flow properties

• residual moisture content

• yield

• crystallinity (% disorder)
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below boiling point
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Figure 2,3 Different particle morphologies produced on spray drying

(taken from Sacchetti and Van Oort, 1996; adapted from Newton  ̂1966)
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All the aforementioned powder properties could have serious implications for the filling, 

metering, stability and aerosol performance of a diy powder inhaler formulation and, 

thus, are closely monitored when setting the optimum spray drying conditions for a 

particular system.

The particle shape is closely related to the drying characteristics of the material(s) fed 

into the spray dryer. Some particles can remain spherical, contract and density, while 

others collapse or expand, fracture or disintegrate (Figure 2.3). Non-spherical particles 

can result from shape distortion on atomisation, drying or passage through the spray 

dryer.

Increasing the feed rate can increase the residual moisture content of the product and, 

therefore, also increase its bulk density. Bulk density and particle size distribution affect 

the powder’s flow characteristics and dispersibility. Increasing the bulk density may be 

beneficial for subsequent product handling, e.g., filling into and metering from a dry 

powder inhaler reservoir, but may have a deleterious effect on aerosolisation efficiency. 

Increased bulk density can be achieved by: addition of binding additives to the feed to 

prevent “ballooning” (i.e., expansion of the hollow particle due to increasing internal 

vapour pressure); decreasing the inlet temperature; and deaerating the feed. Spray drying 

solutions rather than suspensions, as in this study, results in powders of low bulk density 

due to the formation of hollow particles with considerable internal voidage (Masters, 

1991). The feed can be deliberately aerated, as in foam spray drying, to reduce bulk 

density still further.

2.1.8 Spray drying to produce primary aerosol particles

Vidgren et al. (1987) and Chawla (1993) investigated the potential of using spray dried 

drug as an alternative to micronised drug in dry powder aerosol formulations. Chawla 

investigated the interdependence of spray drying variables on salbutamol sulphate 

production and established optimal drying parameters for this drug using a Mini Büchi 

190 spray dryer.
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Vidgren et al. (1987) produced small particles of “respirable” dimension of sodium 

cromoglycate by spray drying also using a Mini Büchi 190 spray dryer. The resultant 

particles were spherical, amorphous and of smaller mean diameter than their micronised 

counterparts. The measured fine particle dose was superior to that of micronised drug and 

this was thought to he due to the particles’ spherical nature presenting less points of 

contact to neighbouring particles and, thus, producing a less cohesive system.

Both the work of Vidgren et al. (1987) and Chawla (1993) demonstrated that spray dried 

particles seem to he able to detach from the larger lactose carrier as efficiently as the 

micronised form. This was concluded from consideration of the extent of in vitro fine 

particle deposition.

2.2 Aims

Investigations presented in this chapter were aimed at improving on the spray drying 

method for salbutamol sulphate, and further developing methods of characterisation for 

the product recovered. More specifically:

-To improve the method of dispersion of the primary salbutamol sulphate particles for 

particle size analysis using the Malvern 2600c laser particle size analyser.

-To investigate if the location of collection of spray dried material yield had any effect 

on the physicochemical properties of the collected material.

-To investigate the effects of varying spray drying feed solution temperature on the 

surface morphology, surface area, particle size and residual moisture content of the 

resulting salbutamol sulphate particles.
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23  Materials

Salbutamol Sulphate BP

(NB. At times referred to in the text as starting material or original material.)

Batch no. H20597 

(Cipla, Bombay, India.)

Micronised Salbutamol Sulphate BP

Batch no. 910119

(Referred to in the text as Batch X)

(Industrie Chimie Farmaceutriche Italiane, Italy)

Micronised Salbutamol Sulphate BP 

Batch no. 7172

(Industrie Chimie Farmaceutriche Italiane, Italy)

Sorbitan trioleate, span 85.

Batch No. 20H0766

(Sigma Chemical Company, USA.)

Oleic acid 92%

Batch No. 0177670K.

(BDH Chemicals Ltd., Poole, UK.)

Deionised water, pH approx. 5.0 from a Whatman WR50 RO deioniser (Whatman, UK)

Cyclohexane HPLC analytical grade.

Lot no. 72407

(Aldrich Chemical Co., USA.)
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2.3.1 The model hydrophillic drug - Salbutamol Sulphate BP

Structural formula:

OH

CH CH« NH BU

HO

SO.

Chemical name: l-(4-hydroxy-3-hydroxymethyl-phenyl)-2-(tert-butlyamino) ethanol 

sulphate

Molecular formula: (Ci3H2 iN0 3 )2 .H2 S0 4  

Molecular weight: 576.7

Salbutamol sulphate is a sympathomimetic used in mild to moderate attacks of asthma 

and other conditions associated with reversible airways obstruction. The therapeutic 

regime administered by an MDI is usually 100-200 pg 2-3 times a day, whereas from a 

DPI, it is 200-400 pg 2-3 times a day. Formulations containing this drug exist for 

nebulisers, MDIs and DPIs, and for this reason it is regularly used as a model hydrophilic 

drug for medicinal aerosol research.

Salbutamol sulphate is soluble in 4 parts of water and is slightly soluble in ethanol (96 

%), chloroform and ether. Solutions of the drug must be protected from light (BP, 1988).
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2.4 Methods

2.4.1 Spray drying

Aqueous solutions (20 %w/v) of salbutamol sulphate (Cipla, India) were dried using a 

Mini Büchi 190 spray dryer (Büchi Laboratory-Techniques Ltd., Flawil, Switzerland) 

fitted with a 5 mm nozzle using the parameters given in table 2.2, previously reported to 

be the most appropriate for this material (Chawla, 1993).

Spray drying parameters Settings

Aspirator level 
Pump control 
heating control 
compressed air flow rate

18
73/4 (7 mL/min)
51/2 (inlet temp. 150°C) 
SOONL/h*

Table 2.2 Spray drying parameters for salbutamol sulphate and the Mini Biichi 190 spray dryer

* Spray dryers are usually operated at their highest compressed air setting to achieve maximal througlqrut 

and process economy unless the material is particularly hard to dry (Berman et al, 1994).

The aqueous salbutamol sulphate solutions were protected from light at all times and 

stored for a maximum of six hours at 4 °C if not used immediately. The initial 

temperature of the feed solution was varied; 4 ®C, 21 ”C, 40 °C and 60 ®C. The inlet and 

outlet temperatures were recorded at uniform time intervals during the spray drying 

procedure.

The yield was collected in two portions under low humidity conditions (i.e., in an open 

oven held at 50 °C). Yield (A) corresponds to the product in the collection vessel, while 

yield (B) was recovered from the sides and base of the cyclone separator (Figure 2.1). 

Both fractions along with the starting raw material and the micronised salbutamol 

sulphate were examined as follows.
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2.4.2 Particle size analysis

The analysis of average particle size and particle size distribution was carried out by laser 

Fraunhofer diffraction using a Malvern 2600c laser size analyser (Malvern Ltd, UK). The 

determinations were performed in the model independent mode, using a dispersing 

method found to be the most efficient and reproducible. The following parameters were 

investigated to elucidate the most appropriate dispersion method; the amount of drug and 

suspending fluid (cyclohexane), the amount and type of surfactant used (sorbitan trioleate 

and oleic acid), and the sonication time required for the concentrated suspension prior 

to addition to the measurement cell. It was found that 1.0 mg of drug dispersed by 2 min 

sonication in 10 mL cyclohexane (Aldrich, USA) to which 0.1 mL or 0.72 %w/v (~ 4 

drops) sodium trioleate (Sigma, USA) had been added was an appropriate system for size 

analysis.

The volume or mass median (equivalent spherical) diameter (MMD), above which 50 % 

of the detected mass is contained, and the spread coefficient (SCo), calculated by 

dividing 90 % by 50 % undersize values, were recorded. Representative sampling was 

achieved by taking quartiles of heaped material which were then divided into three 

fractions from which five measurements were taken.

2.4.2.1 Operating principle of Malvern laser particle size analysers 

The Malvern is the favoured non aerodynamic method for determining the equivalent 

spherical diameter based on a volume or mass distribution of powder particles dispersed 

in a liquid medium. Its principle of operation is Fraunhofer diffraction of a low energy 

helium-neon laser beam incident on particles suspended in a suitable medium. The angle 

of diffraction obtained is inversely proportional to the radius of the particle. A Fourier 

transform lens focuses the diffracted beam onto concentric photo detector rings and a 

resultant analogue signal is produced proportional to the extent of light energy received.
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2.4.3 Specific surface area determination

The specific surface area of micronised and spray dried batches of salbutamol sulphate 

were determined using a Quantasorb sorption system (Quantachrome Corporation, New 

Jersey, USA). The sample cells were filled to at least half their capacity with material 

under low humidity conditions with as little tapping as possible to reduce agglomeration. 

Spray dried material was vacuum dried at 50 °C and 150 bar for 24 h prior to filling of 

the cells, to minimize aggregation. The samples were outgassed by purging with nitrogen 

at 10 psi at a temperature of 50 °C or 21 °C for 24 h (Appendix II).

Single point B.E.T. measurements were carried out using nitrogen as adsorbate from a 

pre-mixed gas cylinder of 30.91 %v/v nitrogen (N2 ) in helium (He) at 15 psi. For 

comparison further single point and multi-point B.E.T. determinations were performed 

by mixing the two gasses at the point of use to achieve 10 %, 20 % and 30 %v/v N2  in 

He systems. The weights of the degassed samples were recorded after desorption 

measurements were determined. Five readings were taken for each sample. Two samples 

of the micronised (Batch X, BN:910119) and the unmicronised material (BN:H20597) 

were tested to establish the reproducibility of the measurement.

2.4.3.1 B.E.T. theory

Particles with a large surface area are good adsorbents for the adsorption of gases and of 

solutes. The Quantasorb equipment employed in this study determines the specific 

surface area of a sample by using the technique of adsorbing adsorbate (N2) gas from a 

flowing mixture of adsorbate and inert non-adsorbable carrier (He) gas. The processes 

of adsorption and desorption being monitored by the change in the thermal conductivity 

of the gas mixture (Figure 2.4).

Adsorption of nitrogen at liquid nitrogen temperature was determined by a single point 

and multi-point B.E.T. calculation (Appendix IE). The single point B.E.T. method is a 

simplification of the more accurate multi-point B.E.T. method and is based on a zero 

intercept assumption. The adsorption of nitrogen being governed by adsorbent-adsorbate
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interaction draws the nitrogen molecules together to form a closely packed liquid

like monolayer at low pressures (Allen, 1981).

Three pieces of information are required for the calculation; the weight of the sample, 

the relative pressure of the adsorbate in carrier gas and the weight of the adsorbate 

adsorbed on to the sample surface at the single relative pressure. The amount of nitrogen 

adsorbed was calculated from the desorption portion of the cycle. Desorption signals are 

always used in the B.E.T. calculation as adsorption signals are sometimes accompanied 

by non-Gaussian tailing curves, particularly for porous samples at high nitrogen 

concentrations (Figure 2.4).

Beginning of  
a d sorp tion  peak

Rapid  d e f le c t io n  
of recorder pen

Bose line

Gas cooling

D e so r p t io n  
( r e v e r s e  peakGas wa rmi 

peak

Base line

D esorp t ion  peak

Figure 2,4 Typical B,E,T. adsorption and desorption isotherms
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Accurate measurement of the adsorption process is achieved only if there is adequate 

preparation of the adsorbent surface. This surface will be covered with a physically 

adsorbed layer of gaseous contaminants which must be removed (degassed or outgassed) 

before quantitative measurements can be made. The contaminant molecules are attracted 

to the sample surface by weak Van der Waals forces of attraction and, therefore, they can 

be readily removed by maintaining the solid at a high temperature while it is being 

purged with the adsorbate gas. The degree of degassing is dependent on; adsorbate 

pressure, temperature and time. For this reason the outgassing conditions chosen, after 

preliminary tests into its efficiency, remained constant in order to allow reproducible 

measurements to be taken.

The recommended temperatures and times for degassing vary considerably with sample 

type, however, an empirical relationship has been suggested giving a general safe limit. 

This relationship was disregarded as reproducible results were obtained at much lower 

temperatures and shorter periods of time than those recommended by Orr and Dallavale 

(1959) (Appendix II).

2.4.4 Moisture content

Percentage moisture content was determined by loss on drying in a vacuum oven held 

at 50 °C and 150 bar for 24 h. A minimum of three samples for each batch were used.

2.4.5 Scanning Electron Microscopy

A Philips EM501B scanning electron microscope (Philips Analytical UK) was used to 

scan a series of powders which had been mounted on double sided adhesive tape on 

aluminium stubs, and subsequently coated with gold under the sputter coater (Polaron 

E5100) for two minutes.
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2.5 Results and discussion

2.5.1 Yield collected from spray dryer

The percentage yield collected following the spray drying of 20 %w/v solutions of 

salbutamol sulphate under the conditions given in table 2.2 are shown in table 2.3 and 

figure 2.5.

Feed solution 
temperature (®C)

Yield
location

% Yield 
(n=l)

Total % Yield

4 A 31.7 65.7

B 34.0

21 A 29.5 59.8

B 30.3

40 A 26.1 59.2

B 33.1

60 A 22.7 59.5

B 36.8

Table 2.3 Percentage (%) yield o f salbutamol sulphate collectedfrom the collection vessel (A)
and the tyclone sqtarator (B) o f the Mini Bûchi sprt^ dryer as a function o f feed  
solution temperature.

100 -I

90 -

' 80 -

70 -

2  60 - 
«
ÿ  50 -  

X 40 -

30 - 

20  -  

10 -  

0

■ : Yield A -  collection vessel 
^ : Yield B -  cyclone seperator 
▼ : Total yield

— I—  

10.00.0 10.0 20.0 30.0 40.0 50.0 80.0

Feed Solution Temperature (*C)

Figure 2.5 % Yield of salbutamol sulphate collectedfrom the collection vessel (A) and the cyclone
sqtarator (B) o f the Mini Bûchi spray dryer as a function offeed solution temperature.
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Increasing the temperature of the feed solution increased the proportion of yield 

recovered from the cyclone separator (B) at the expense of that collected in the collection 

vessel (A). The total yield did not change appreciably, however, at feed solution 

temperatures ^ 21 ®C. Manipulating the feed solution temperature for spray drying may 

cause a change in feed viscosity and surface tension with an associated decrease in the 

droplet size. Viscosity having the overriding effect (McCallion et al., 1995). This 

prediction assumes that the change in feed viscosity and surface tension with temperature 

is related to that of water viscosity, which decreases from a value of 1.557 Cp at 4 ®C to 

0.4665 Cp at 60 °C, and water surface tension, wliich decreases from 74.9 dynes/cm at 

5 °C to 66.18 dynes/cm at 60 °C (Weast, 1988). A decreasing dried particle size can 

affect yield, as a greater number of fines are exhausted at higher temperatures.

2.5.2 Temperature variation during spray drying

The inlet and outlet temperatures, recorded by the temperature probes placed in the 

nozzle housing (inlet) and in between the cyclone separator and the drying chamber 

(outlet) (Figure 2.2), were recorded at regular intervals during spray drying. Their mean 

values and that of calculated temperature drop is presented in table 2.4.

Feed solution Mean inlet Mean outlet Mean temperature
temperature temperature temperature drop

m CC) CC) CC)

4 148.1 70.1 78.0
(±2.62) (±1.63) (±1.97)

21 149.6 72.7 77.8
(±2.29) (±3.80) (±3.02)

40 150.4 67.2 83.4
(±2.77) (±1.25) (±1.75)

60 149.2 70.4 78.9
(±3.19) (±2.58) (±1.91)

(n=4, ±  sd)

Table 2,4 Variation in temperature during spray drying

The temperature measured by the temperature probes are that of the heated air passing 

through the machine rather than the product and, therefore, varying feed solution
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temperature had little effect on the measured values. The inlet temperature is governed 

by the temperature sensitivity of the product and the constraints of the equipment. The 

temperature drop across the spray dryer is a function of heat loss and evaporation rate. 

Increasing the feed spray rate by changing the atomising conditions can increase the rate 

of evaporative cooling and result in an increase in temperature drop. Heat loss rate is 

proportional to the spray dryer’s thermal conductance.

2.5.3 Pump performance of spray dryer

Pump performance was calculated by dividing the total volume pumped by the time 

taken to pump this volume to the drying nozzle. No trend in pump performance was seen, 

although the value at 60 °C was noticeably higher, which can be explained by the 

predicted fall in feed viscosity with increasing temperature (Weast, 1988). The values 

obtained are shown in table 2.5.

Feed solution temperature (°C) Pump performance (mL/min) 

(n=l)

4 6.82

21 6.67

40 6.96

60 7.38

Table 2.5 Pump performance values for spray dryer

2.5.4 Particle size of primary particles

The median particle size of the primary particles and its distribution are the prime 

determinants of a pharmaceutical aerosol formulation’s efficacy. For spherical particles 

this mass median diameter (MMD) is coimected to the mass median aerodynamic 

diameter (MMAD) (determined in chapter 4) by the relationship:
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Eq. 2.1

MMAD = MMD x (Particle density)*0.5

The laser diffraction method for size analysis of primary aerosol particles, dispersed in 

a suitable liquid, is useful in determining whether the particles are sufficiently small to 

be suitable for inhalation and that the method used for controlled particle size reduction 

is consistent.

Compared with micronised and starting material, spray dried salbutamol sulphate 

particles were smaller and of a narrower size distribution, although all samples were 

within a range suitable for lower lung deposition (Figure 2.6 and Tables 2.6 and 2.7).

Type of salbutamol sulphate Mass median diameter (um) Spread coefficient

Original material 5.1 2.24
Batch no. H20597 (±0.36) (±0.20)

Micronised 4.4 1.99
Batch X no. 910119 (±0.05) (±0.11)

(n=5, ±sd)

Table 2.6 Particle size and size distribution o f original and micronised salbutamol sulphate

Material collected firom the collection vessel had a smaller MMD and a narrower size 

distribution than that from the cyclone separator (Figure 2.6). No trend, however, was 

seen with spray drying feed solution temperature. Storage of the spray dried powder 

under ambient conditions and degassing for B.E.T. analysis caused the particles to 

coalesce and, consequently, an increase in particle size was measured (Table 2.8).
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Feed solution 
temperature (° C)

Yield
location

Mass median 
diameter (pm)

Spread
coefficient

4
A 3.6

(±0.13)
1.85

(±0.18)

B 3.7
(±0.00)

1.71
(±0.05)

21
A 3.1

(±0.00)
1.52

(±0.02)

B 3.5
(±0.00)

1.51
(±0.01)

40
A 3.1

(±0.04)
1.54

(±0.01)

B 3.7
(±0.04)

1.37
(±0.03)

60
A 3.3

(±0.05)
1.94

(±0.11)

B 3.5
(±0.05)

1.55
(±0.07)

Table 2.7 Particle size and size distribution of spray dried salbutamol sulphate (n=5, ±sd)

4.0 ■ : Yield A -  collection vessel 
A : Yield B -  cyclone separato r

5  3 2 -

0.0 10.0 20.0 30.0 40.0 50.0 60.0

Feed Solution Tem perature (*C)

Figure 2,6 The median particle size ofparticles produced by spray drying from feed
solutions at various temperatures
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Processing and storage 
conditions

Particle size parameters for spray dried salbutamol sulphate (n=5, ±sd)

% < 5.0 pm Mass median diameter (pm) Spread coefficient

Immediately after spray
drying 92.0 3.27 1.48
(60 feed solution) (±0.09) (±0.00) (±0.00)

7 days storage under
ambient conditions 28.6 7.05 3.68
(21-24 “C, 35-60 %RH) (±0.34) (±0.02) (±0.01)

Post vacuum drying 93.3 3.32 1.47
(50 “C and 150 bar) (±0.15) (±0.01) (±0.00)

Post B.E.T. degassing in
N2at21“C 74.4 3.78 1.65
for 24 h (±0.25) (±0.01) (±0.01)

Table 2.8 Effect o f processing and storage on spray dried salbutamol sulphate particle size parameters 

2.5.5 Residual moisture content of spray dried particles

Moisture contents measured for the spray dried material were in the order often times 

greater than for the micronised and original samples (Table 2.9). The yield collected from 

the cyclone separator (B) had a lower moisture content than that collected from the vessel 

(A). This was expected as material in the cyclone separator is in contact with high 

temperatures for a longer period of time. Solutions fed into the spray dryer at a higher 

temperature heat up more rapidly resulting in more efficient drying within the hollow 

amorphous particles in the drying chamber and this is reflected in the trend in residual 

moisture contents (Figure 2.7).

Nozzle clogging was a problem when feed solutions at 60 °C were used. This blockage 

causes a build up of back pressure in the nozzle affecting the mixing and atomisation 

process which can result in a moist yield. Care was taken in this study to periodically 

clear the nozzle with the de-clogging needle during the run. Less nozzle clogging was 

seen with lower feed solution concentrations (e.g., 10 %w/v) but drying was less efficient 

and the product produced had greater residual moisture contents; e.g., yield A: 5.19 % 

(±0.04 %) and yield B: 3.75 % (±0.095 %) for a 10 %w/v salbutamol sulphate feed 

solution.
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The trend in moisture contents of these samples may bear relation to the subsequent 

stability of the powder under conditions of elevated equilibrium relative humidity 

(> 0 %RH) and the extent of hygroscopic growth in the airways.

Percentage (%) loss on drying

*orig *mic.
Spray dried salbutamol sulphate

4*C 21 °C 40 °C 60

A B A B A B A B

0.28
(0.01)

0.52
(0.04)

4.17
(0.11)

3.83
(0.12)

3.96
(0.18)

2.55
(0.02)

3.14
(0.16)

2.22
(0.08)

1.83
(0.61)

1.89
(0.36)

(n=3, ±sd)

* orig. = original salbutamol sulphate

* mic. = micronised salbutamol sulphate

A: Collection vessel 

B: Cyclone separator

Table 2.9 % Loss on drying results for spray dried salbutamol sulphate

5.0 1 ■ : Yield A -  collection vessel 
A : Yield B -  cyclone separator

2*4.0 -

o  3.0 -

M  2 .0  -

1.0
0.0 10.0 20.0 30.0 40.0 50.0 60.0

Feed Solution Temperature (*C)

Figure 2.7 Residual moisture content o f spray dried salbutamol su^hate yield
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2.5.6 Specific surface area of salbutamol sulphate particles

The specific surface area results are summarized in table 2.10. The amount of residual 

moisture associated with the spray dried samples made consistent B.E.T. measurements 

difficult to obtain due to agglomeration of the particles as moisture was driven off during 

outgassing. For this reason, the spray dried samples were vacuum dried prior to analysis 

and only the sample produced from a 60 °C feed solution was analysed.

Degassing conditions > 21 °C under nitrogen, to which the particles were subjected to in 

the Quantasorb degassing station, did not visually seem to have any deleterious effect on 

the nature of the micronised and original salbutamol sulphate material but caused varying 

degrees of discolouration and fusion of the spray dried particles. This effect was more 

pronounced when the powder had not been vacuum dried prior to analysis. As expected, 

the specific surface area of the micronised material is larger than that of the original 

material due to its smaller median size (Table 2.6), however, the spray dried samples, 

obtained firom both the collection vessel (A) and the cyclone separator (B), and had a 

much lower surface area than expected. This confirms that fusion had occurred and that

B.E.T. was an inappropriate method for determining the surface area of spray dried 

salbutamol sulphate particles.
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Form of

salbutamol

sulphate

B.E.T. specific surface area (mVg)

Single point B.E.T. Multi-point B.E.T.

Degassing

conditions
Concentration of adsorbate (Nj) in carrier gas (He)(%v/v) Correlation 

coefficient, r

30% 20 % 10%

Pre-mixed 

30.9 %

(30,20 and 

10%)

Spray dried* 
A - collection 

vessel 

B - cyclone 

separator

1.41 1.28 1.03 2.09 1.60 0.9999

21 ®C 

24 h

1.36 1.25 1.11 1.47 0.9991

21 ®C 

24 h

Micronised

BN:910119 4.37 4.01 3.52 4.95 4.72 0.9999

21 ®C 

24 h

4.60 4.37 3.56 5.051 0.9996

50 °C 

24 h

Unmicronised

BN:H20597 2.39 2.31 2.02 2.86 2.58 0.9999

21 °C 

24 h

2.58 2.51 2.06 2.85 0.9990

50 ®C 

24 h
* The spray dried sample was produced fiom a feed solution at 60 ®C and was vacuum dried prior to analysis 

Each of the specific surface area values were calculated fix>m results of five desorption signal determinations

Table 2.10 B.E. T. specific surface area of original, micronised and spray dried salbutamol sulphate
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2.5.7 Scanning electron microscopy of salbutamol sulphate particles

Scanning electron microscopy (SEM) revealed obvious differences in size and size 

distribution in the two batches of micronised salbutamol sulphate obtained from the same 

supplier (Plates 1 and 2). Batch X (Plate 1) contained particles which were clearly 

>10 pm in projected length while the other micronised batch (BN: 7172) did not. Spray 

drying produced particles of a spherical nature which were seen by SEM to be smaller 

than 5 pm in projected diameter and of narrow distribution (Plates 3 and 4). The 

micrographs were comparable to those obtained by Chawla (1993). SEM revealed the 

presence of very small spray dried particles, ~ 1 pm in projected diameter, but no spray 

dried particles were seen in the 10 pm range. These observations were in line with the 

particle size results obtained by laser diffraction (Tables 2.6 and 2.7).

It was thought that varying the temperature of the spray diying feed solution would 

possibly result in variation in the degree of pitting observed on the surface of the spray 

dried salbutamol sulphate particles due to different gas expansion rates within the 

spherical particles on diying. Solutions fed in at a higher temperature undergo faster and 

more efficient water evaporation and subsequent gas expansion within the core of the 

spray dried particle, resulting in the release of gas through pores in the freshly formed 

solid crust forming the characteristic pitted surface (Masters, 1991). However, varying 

the feed solution temperature when spray drying salbutamol sulphate using its optimum 

conditions was not seen to alter the nature of the resultant product surface appreciably 

(Plates 3 and 4).
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Plate 1. Micronised salbutamol sulphate (Batch X, BN: 910119)

m
t

Plate 2. Micronised salbutamol sulphate (BN: 7172)
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Plate 3, Spray dried salbutamol sulphate producedfrom a feed solution held at 4 C

f

Plate 4, Spray dried salbutamol sulphate produced from  a feed  solution held at 60 C
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2.6 Conclusions

Spray drying, as previously reported by Chawla (1993), produced particles of salbutamol 

sulphate which were spherical in nature, and which were observed by SEM to be 

consistently smaller than 5 pm in projected diameter. The SEM images did not show any 

appreciable differences in surface roughness for spray dried material produced from feed 

solutions at different temperatures. Compared to the micronised and startmg material, the 

spray dried particles were smaller and of a narrower size distribution.

Manipulating the feed solution temperature for spray drying primarily causes a change 

in feed viscosity and surface tension with an associated decrease in droplet size and also 

yield. Solutions fed in at higher temperatures heat up more rapidly resulting in more 

efficient drying within the hollow particles and this is reflected in the trend in residual 

moisture contents.

Moisture contents measured for the spray dried material were in the order of ten times 

greater than the other samples. The yield collected from the cyclone separator (B) had 

a lower moisture content and larger median diameter than that collected from the vessel 

(A). As the yield recovered from the collection vessel is small compared to that which 

can be recovered from the cyclone separator, the two yields are often combined, which 

may result in intra sample variation.

The large amounts of residual moisture in samples of spray dried salbutamol sulphate 

made consistent B.E.T. measurements difficult to obtain due to agglomeration during 

outgassing. Fusion of the spray dried material was also noted on storage at ambient 

temperatures and relative humidity. This suggests that the spray dried form may be 

physically unstable. An investigations into the physical stability of spray dried 

salbutamol sulphate is presented in chapter 3.

The differences seen in the moisture content, particle size and specific surface area, in 

addition to the physical instability seen with these samples, is likely to be important in 

the further treatment of these particles for dry powder aerosol formulation.

87



Chapter 3 

Investigation of physical stability



Chapter 3_________________________________________________ Investigation ofpJ^ical stability

3.1 Introduction

Amorphous spray dried salbutamol sulphate particles of mass median diameter <5.0 pm 

have been previously investigated as an alternative to micronised crystalline drug for dry 

powder inhaler aerosol formulations (Chawla, 1993). Chawla's work included a 

determination of the spray dried material’s amorphous state by X-ray powder diffraction 

(XRPD). Further investigation of this material in chapter 2 of this thesis, revealed that 

the temperature of spray drying feed solution and the location within the spray dryer of 

the recovered yield, influenced the size and moisture content of the resultant particles. 

In this chapter 3, an investigation of the effect of residual moisture on the physical 

stability of the spray dried material is presented.

3.1.1 The amorphous state

Amorphous materials, produced by various means of mechanical and thermal activation, 

e.g., milling, drying, mixing, and compaction, have the following characteristics; 

increased surface energy, increased dissolution rates, and decreased chemical stability, 

compared to their crystalline counterparts (Florence et al., 1974; Florence and Salole, 

1976; Imaizumi et al., 1980; Sato et al., 1981; Corrigan and Holohan, 1984; Corrigan et 

al., 1984; Briggner et al., 1994; Elamin, 1994). Mechanical activation by air-jet milling 

(micronisation), a size reduction process routinely used to produce particles of 

“respirable” size, is a highly energetic procedure which can induce dislocations and/or 

defects at the surface of a predominantly crystalline species (York, 1983). The result 

being the production of an area of amorphous or “glassy” matter at the particle surface, 

sometimes referred to as frictional “hot spots” (Sebhatu et al., 1994a), and typically <10 

%w/w of the total mass. This surface region has the distinct aforementioned 

characteristics associated with amorphous materials. In addition, this material will also 

absorb large quantities of atmospheric moisture, comparable to the amounts attributed 

to hydrate formation, deliquescence or capillary condensation (Ward and Schultz, 1995).

The amorphous form is physically and thermodynamically unstable. This metastable 

form, however, may have sufficient kinetic stability to warrant its use in pharmaceutical 

formulations. Under appropriate conditions of temperature and relative humidity, these
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materials will revert back to their more stable ordered crystalline species with an 

associated entropy loss (AS) and a release of excess thermal energy (AH). This evolution 

of heat and the nature of inferred phase transitions can be monitored by calorimeters of 

a scanning or more sensitive isothermal type. Traditional methods used to investigate 

physical instability of metastable forms have generally concentrated on the material’s 

higher energy state, surface energy, morphology, hygroscopicity, degree of disorder and 

free volume of substituent molecules or polymer chains, to distinguish the “glass” from 

the more ordered crystalline form. These parameters can be studied using the following 

techniques; scanning electron microscopy. X-ray powder diffraction (XRPD), solution 

microcalorimetry, water vapour sorption analysis, thermomechanical analysis, density 

measurements, spectroscopic methods (infra red) and laser diffraction particle size 

analysis (Imaizumi et al., 1980; Corrigan et al., 1984; Saleki-Gerhardt et al., 1994; 

Sebhatu et al., 1994a and b; Buckton and Darcy, 1995a and b; Buckton et al., 1995).

These techniques, however, are generally insensitive to the presence of low levels of 

amorphous salbutamol sulphate on the surface of micronised crystalline material and the 

dynamics of conversion of the amorphous to the crystalline form. The deleterious effects 

of this surface region are important in consideration of the overall physical characteristics 

and stability of the micronised system. This region is known to present problems in raw 

material batch to batch and supplier to supplier sample variation (Buckton et al., 1995; 

Ward and Schultz, 1995).

Calorimetric methods have the potential to give a better indication of the extent of 

amorphous character than the other techniques mentioned above. Little calorimetry work 

has been done using 100 % amorphous salbutamol sulphate obtained by spray drying 

aqueous solutions. Particles produced in this marmer serve as a model for studying the 

nature of the amorphous state in predominantly crystalline materials and their 

“respirable” size is comparable to that of micronised powders (Chapter 2). The 

susceptibility to varying environmental conditions and further agglomerative treatments 

involving moisture, excipients and temperature variations will be important in assessing 

the likelihood of realising a commercial use for the amorphous spray dried form.
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3.1.2 Characterisation of amorphous materials

3.1.2.1 Calorimetry

Calorimetry involves the measurement of heat energy absorbed or evolved from 

different types of physical or chemical processes. Differential scanning calorimetry 

(DSC) and isothermal microcalorimetry (thermal activity monitor, TAM), the major 

techniques used in this chapter, are employed to study the physicochemical transitions 

associated with a substance by monitoring exothermic or endothermie changes compared 

to a reference, as a function of temperature (DSC) or time (TAM).

3.1.2.x.1 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) measures the difference in energy input into a 

substance and a reference material as a function of temperature. Endothermie or 

exothermic changes are registered as peaks or troughs in the DSC trace. Analysis of these 

thermal events yields information, such as, transition temperatures and the enthalpy 

associated with the transition.

The DSC7 (Perkin Elmer, Beaconsfield, UK) used in this study, is a power compensated 

differential scanning calorimeter which works on a null balance principle. Two separate 

control loops allow precise regulation of the reference and sample pan temperatures. A 

platinum resistance thermometer situated in the base of the furnace is power adjusted and 

thus, brings the two furnaces to the same temperature. The energy required to maintain 

the "thermal null" is directly proportional to the energy change in the system and, 

therefore, permits measurements of enthalpy (AH) associated with a process.

Differential scanning calorimetry can be used to identify changes associated with; 

melting (fusion), boiling, degradation, release of solvate, re-crystallisation and 

polymorphic transformation (Ford and Timmins, 1989). In addition, a secondary 

thermodynamic property, the glass transition temperature (Tg), the temperature at which 

“glassy” amorphous regions of a material undergo a change in expansion coefficient, heat 

capacity and rigidity as a result of molecular relaxation, can be registered as a small shift
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of the baseline in the endothermie direction (Corrigan et ai., 1984; Bell, 1995). Glass 

transition temperatures can be found for all amorphous polymers and also drugs, 

including those with a significant crystalline component (Ford, 1987; Hancock et al., 

1995). This temperature is markedly changed by differing thermal history and percentage 

crystallinity (Ford and Timmins, 1989). Thus in this study, the difference in the 

preparation of the spray dried and the micronised material and any subsequent variation 

in storage conditions could result in a change in Tg, as well as, differences in the position 

and magnitude of any crystallisation peak.

Modulated temperature DSC equipment gives a signal which allows the separation of the 

heat capacity component (Cp) from the kinetic component by having a linear heating 

ramp and a simultaneous sinusoidal heating rate (Coleman and Craig, 1996). This gives 

better resolution of reversible changes such as glass transitions. The technique is 

particularly useful when the Tg signal is superimposed on non-reversing peaks such as 

those relating to melting or decomposition.

3.1.2.1.2 Isothermal heat conduction microcalorimetry

The microcalorimeter (Figure 3.1) is composed of four independent heat conduction 

calorimeters which are embedded in aluminium blocks housed in a 25 L thermostated 

water bath. This water bath acts as a large mass heat sink and maintains the pre-set 

temperature of 25 ± 2><10‘̂ °C in the four simultaneous experiments. Each channel is 

composed of a sample and a reference cell surrounded by heat conducting thermopiles. 

The sample and reference vials are kept in the equilibration position for a predetermined 

time interval to allow temperature equilibration with the water bath and the gas phase 

above the powder, after which time they are lowered to the measurement position.

The cells are maintained at isothermal conditions, so any event requiring or liberating 

heat will be compensated for by the heat sink. The presence of the reference cell allows 

for any variations in the heat sink, and the differential heat flow signal is equivalent to 

the rate of heat change in the sample. The Peltier element sensors act as thermoelectric 

generators Wiich convert heat energy into voltage signals proportional to the heat flow,
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Figure 3.1 The 2277 Thermal activity monitor^ TAM (Thermometric AB, Sweden)
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Figure 3.2 The miniature humidity chamber technique (taken from  Angberg, 1992)
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allowing signals produced by temperature differences of <, 10^°C to be detected.

Electrical calibration, which allows the resultant heat flow signals to be quantified, is 

achieved by means of a precision calibration heater resistor which is located to simulate, 

as near as possible, the position of the reaction. A known current is sent through the 

channel's heater resistor in order to dissipate a specific thermal power, selected according 

to the magnitude of the responses to be monitored. As the calibration heater resistors are 

not positioned exactly at the point where the reaction occurs a slight error is involved in 

the absolute measurements but this does not affect the relative measurements of heat flow 

versus time.

The samples are presented either in sealed ampoules or small bore flow tubes which 

allow more sophisticated titration, perfusion, flow and mixing experiments. The 

experiments performed in this study employed glass ampoules containing a tube filled 

with saturated salt solution as a source of water vapour. This achieves a "miniature 

humidity chamber" with abundant water vapour which vaporises from the saturated salt 

solution surface. As the water vapour is absorbed by the powder it is compensated for by 

further vaporisation so as to maintain an equilibrium relative humidity (Angberg, 

1992)(Figure 3.2).

The isothermal microcalorimeter has various advantages over conventional scanning 

instruments. It is a non-specific, non-intrusive, highly sensitive and accurate technique 

which can monitor a variety of processes and samples of any nature at ambient 

temperatures. It provides kinetic information allowing data to be collected through the 

complete time course of a process (except for the initial equilibration period) or 

intermittently if a slow change is being monitored. This may be useful for samples which 

show non-Arrhenius type behaviour and for which accelerated stability studies are 

inappropriate (Sebhatu et al., 1994a, Hancock et al., 1995). Quantitative data can not 

always be obtained from a reaction and the heat flow response measured in the 

calorimeter is a good representation of an underlying process using a small sample size. 

This makes the instrument useful at the preformulation stage when only small amounts
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of a substance might be available.

Experiments can be run at any humidity which minimises the use of less reliable 

desiccator work. Reproducibility is good as there is no transfer stage and thus a 

continuous relative humidity is maintained. If the water vapour source is in close 

proximity to the sample surface the additional heat contributions from the heat of 

vaporisation of water and heat of absorption of this water vapour by the sample are 

neglible as they cancel each other out (Angberg, 1992).

The microcalorimeter’s high sensitivity and non-selectiveness means that a strict 

experimental protocol is imperative as the total heat flow is an overall measure of both 

physical and chemical events (Sheridan, 1994). The research described below involved 

ampoule experiments. The main limiting factor in these experiments is the equilibration 

period, the time given for the powder and vapour to reach the required relative humidity, 

which completely obscures fast transitions and makes processes occurring rapidly ( < 2 

h) difficult to analyse. In addition, at the early stages of an experiment there may not be 

complete thermal equilibration of the sample and reference vials and there may also be 

a signal induced by the stress relaxation of the rubber disc post crimping (Angberg, 

1992). Although these considerations are relevant mainly for small output experiments 

it seems prudent to design an experiment which gives the main analysis region away 

from this area.

Previous work using microcalorimetry has included: establishing kinetic parameters 

associated with chemical and metabolic reactions (Oliyai and Lindenbaum, 1991; 

Angberg et al., 1990); the calculation of adsorption enthalpies on powder surfaces 

(Buckton and Beezer, 1988); batch and source variation in excipients (e.g., cetostearyl 

alcohol, microcrystalline cellulose and non-ionic surfactants, Rowe et al., 1994); and 

comparison of moisture uptake results using a microcalorimetry flow cell technique with 

gravimetric adsorption studies (Sheridan, 1994), and using the resultant moisture sorption 

isotherm to predict powder surface energetics (Sheridan et al., 1995). In the field of 

crystallography, the microcalorimeter's ability to monitor solid state transformations has
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mostly been used in investigating crystaliographic changes in different types of lactose; 

including studies into the incorporation of hydrate water into anhydrous lactose samples, 

and the muta rotation of a  and p lactose (Angberg et al., 1991).

In addition, extensive work has been carried out to monitor the crystallisation of surface 

amorphous regions produced by micronisation. The detection limits for percentage 

amorphous content (down to about 0.5 %w/w of total mass) in lactose samples have been 

were evaluated, with comparisons made to other analytical techniques, e.g., DSC and X- 

ray powder diffraction (Sebhatu et al., 1994a; Buckton and Darcy, 1995a).

3.1.2.2 X-ray powder diffraction (XRPD)

XRPD is a widely used method in the field of crystallography but, unfortunately, has 

recently been shown to be of limited use in detecting the existence of very small amounts 

of amorphous material (< 10  %w/w) in pharmaceutical powders (e.g., micronised 

systems) (Saleki-Gerhardt et al., 1994; Sebhatu et al., 1994a; Buckton and Darcy, 1995a; 

Ward and Schultz, 1995). X-rays are produced by the diffractometer within its X-ray tube 

by the bombardment of a copper anode by electrons under high potential. The resultant 

divergent X-rays are emitted via a beryllium window and focussed by an array of 

divergence slits with the goniometer on the flat sample surface. Rays diffracted at Bragg 

angle 0 ,̂ by crystalline species of a suitable orientation within the sample, are convergent 

onto a single line at which the receiving slit is situated. The X-ray beam is then incident 

on a second parallel slit system consisting of a scatter slit and a monochromator. The 

scintillation detector signal gives a trace on the recorder of signal intensity against scan 

angle 20^ and this trace is subsequently analysed.

The technique provides an indication of the average crystallinity of the powder bulk by 

measurement of the powder surface. To identify differences in the crystalline species, 

such as in preferred orientation (e.g., polymorphism) or physical state (e.g., the presence 

of > 10 %w/w amorphous material) the following trace features are taken to be 

indicative; differences in peak intensity, loss of peak detail, shift in peak position, or 

peak broadening. Amorphous materials typically give a broad band or “halo” whereas
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predominantly ciystalline powders will give a trace with an array of distinct sharp peaks.

3.1.2.3 Water vapour sorption analysis (WVSA)

A moisture sorption isotherm is the relationship between water relative vapour pressure 

and equilibrium moisture content. It is elucidated from loss on drying measurements 

made on samples isothermally pre-equilibrated in environments of varying humidity. In 

this study, these conditions were established in a range of desiccators filled with various 

saturated salt solutions. Alternatively, measurements of weight gain can be made using 

accurate humidity and temperature controlled microbalances, as with dynamic vapour 

sorption (DVS). DVS gives better resolution and allows construction of complete 

sorption and desorption isotherms. This method can demonstrate the existence of small 

amounts of amorphous region in mixtures down to 0.05 %w/w (Buckton and Darcy, 

1995a). DVS, however, cannot be used reliably to quantify these trace amorphous 

amounts as surface crystallisation can inhibit moisture ingress to amorphous core regions 

thus underestimating the percentage disorder (Saleki-Gerhardt et al., 1994).

The extent of moisture sorption depends on the following parameters; the dissolution of 

solutes, capillary effects, interaction with surface chemistry, mechanosorption and the 

macroscopic properties of the absorbent (Bell, 1995). Amorphous materials can absorb 

considerable amounts of moisture and show characteristic hysteresis on desorption 

(Buckton and Darcy, 1995a). Moisture sorption is a plasticising phenomenon for 

amorphous materials. The upper inflection point on the sorption isotherm is the point 

where Tg is reduced to the temperature at which the isotherm is determined (Oksanen 

and Zografi, 1990). Obtaining Tg values by mathematical manipulation of moisture 

sorption data has been investigated but further work is needed. At present, Tg values 

obtained from these isotherms cannot be extrapolated to non-aqueous plasticising 

conditions and thus could lead to misleading formulation conclusions (Bell, 1995).
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3.2 Aims

The general aim of this study was to produce totally amorphous salbutamol sulphate by 

spray drying using the optimal spray drying conditions determined in chapter 2, and to 

explore, by calorimetry, the thermal behaviour, particularly the changes in solid state 

structure of the batches produced.

The following specific aims were identified:

- To establish an experimental protocol for the ampoule experiments in the 

microcalorimeter by investigating the effects of certain experimental variables, such as, 

sample weight and equilibrium relative humidity on the profiles obtained.

- To see if subtle changes in spray drying conditions, which may affect relative physical 

stability, could be detected by calorimetric means, permitting calorimetry to be used to 

study batch to batch sample variation. An indication of physical stability being given by 

the time or temperature required for crystallisation of the 100 % amorphous drug.

- To study the effect of storage conditions on water uptake by 100 % amorphous 

salbutamol sulphate compared with micronised drug and to investigate the subsequent 

depression in the glass transition and crystallisation signals.

- To investigate the effect of mixing amorphous salbutamol sulphate with lactose of 

different types on the physical stability of the amorphous drug content.

- To compare the results from a scanning calorimeter with those fi-om a more sensitive 

isothermal microcalorimeter and to confirm certain results using XRPD.
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3.3 Materials

Salbutamol Sulphate BP

(NB. At times referred to in the text as starting material or original material.)

Batch no. H20597 

(Cipla, Bombay, India.)

Micronised Salbutamol Sulphate BP

Batch no. 910119

(Referred to in the text as Batch X)

(Industrie Chimie Farmaceutriche Italiane, Italy.)

Pharmatose® 200M 

a-lactose monohydrate (96%)

Batch no. 024341

(De Melkindustri Veghel International, The Netherlands)

Zeparox®

Partially amorphous a-lactose monohydrate 

Batch no. 91321/59999 

(Lactochem, Chester, UK)

Deionised water, pH approx. 5.0 from a Whatman WR50 RO deioniser (Whatman, UK)

99



Chapter 3 Investigation of physical stability

3.4 Methods

3,4,1 Spray Drying

Aqueous solutions of salbutamol sulphate (20 %w/v) were dried using a Mini Büchi 190 

spray dryer (Büchi, Switzerland) fitted with a 5 mm nozzle using the conditions listed 

in table 3.1, to produce particles of a “respirable” size, i.e., 3-5 pm.

Spray drying parameters for 
salbutamol sulphate

Settings

Aspirator level 
Pump control 
Heating control 
Compressed air flow rate 
Feed solution temperature

18
73/4 (7 mL/min)
51/2 (inlet temp. 150°C)
SOONL/h
4,21,60 ”C

Table 3,1 Spray dryer operating conditions for salbutamol sulphate

In addition, 15 %w/v aqueous solutions of lactose in water were spray dried using the 

conditions in table 3.2.

Spray drying parameters for lactose Settings

Aspirator level 
Pump control 
Heating control 
Compressed air flow rate 
Feed solution temperature

10
3 (2 mL/min)
31/2 (inlet temp. 120°C)
800NL/h
21°C

Table 3.2 Spray dryer operating conditions for lactose 

3,4,2 Differential Scanning Calorimetry

Samples of 4 mg (± 0.02 mg) salbutamol sulphate were weighed into tared DSC 

aluminium pans which were subsequently crimped. A sample size of 4 mg was chosen 

as it completely covered the base of the pan with a thin layer of powder, reducing the 

incidence of thermal gradients within the sample. Samples were placed into a DSC 7 

(Perkin Elmer Ltd, Beaconsfield, UK) under a Ng atmosphere, and the block temperature 

was increased at a rate of 10°C/min from -10 to 400 °C. Scanning speed, sample size and
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particle size distributions are all variables which can shift the positions of DSC peaks and 

may alter their intensity (Sutananta, 1993). The first two factors were kept constant to 

maximise accuracy but size distribution did change once fused and agglomerated samples 

were tested. The resultant traces gave a power (W) versus temperature plot from which 

it was possible to calculate peak transition temperatures (TJ and enthalpies (AH). 

Positive signals relate to endothermie processes. Indium and zinc standards were used 

for weekly temperature and heat of fusion calibrations.

3,4,3 Isothermal Microcalorimetry

Isothermal heat conduction microcalorimetry was carried out in a temperature controlled 

room held at 20 °C using a 2277 thermal activity monitor, TAM (Thermometric AB, 

Sweden). A spray dried salbutamol sulphate sample (generally 20 mg) was filled into a 

3 mL glass ampoule and a small Durham tube filled with a saturated salt solution, giving 

the required percentage relative humidity (%RH) at 25 °C, was introduced prior to 

sealing with an aluminium over-cap containing an integral seal made of inert Teflon 

coated butyl rubber. Distinct peaks may be observed if leakage occurs from the sample 

vessel and so care was taken during crimping and imperfectly sealed ampoules were 

discarded. The way the water vapour source is placed in the sample vial and its surface, 

as well as the surface of powder have been found by Sebhatu et al. (1994a) to influence 

the time at which a crystallisation peak is registered and the length of the wetting peak 

and, thus, this was controlled in all experiments. A consistent covering of the vessel 

bottom is not possible with the kind of cohesive and electrostatic powders employed in 

this study, so care was taken to minimise the amount of powder adhering to the vessel 

sides and all powder was cleared from the vessel mouth.

The sample and a reference (empty 3 mL glass vial) were kept in an intermediate position 

in the calorimeter for 30 min at 25 “C before lowering to the measurement position at 

t = 0 h. Lowering of the sample and the reference vials into the measurement position in 

the calorimeter can cause frictional signals disturbing the heat flow measurements of 

interest. Therefore, care was taken to perform the lowering action as slowly and smoothly 

as possible. The sample and the reference ampoule were handled with gloves and were
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as near as possible of the same mass, ensuring a stable baseline, high sensitivity and low 

background noise. Weekly static calibration experiments using two empty cells were 

performed and a sensitivity was selected for allowing responses ^ 1000 pW to be 

monitored at 10 second intervals. The experiment was allowed to continue for at least 

2 h post peak maximum or 24 h if no peak was seen.

Heat flow signals were recorded as a function of time and generated in units of power 

(pW), equivalent to rate of change of heat dQ/dt, as a function of experimental time, t. 

Positive values correspond to exothermic signals. The time taken for the crystallisation 

exothermic peak maximum to occur ( t j  and the time integral associated with this peak 

( J {dQ/dtg} or AH) were recorded. The time integral is calculated by a trapezoidal method 

and was taken from a flat point on the baseline prior to the onset of the crystallisation 

peak to a point on the baseline at least 2 h post peak maximum. In addition, the time 

between crimping and lowering to the equilibration position was measured as 30 s and 

this could be added to the 30 min as being the time before t = 0 h that the experiment has 

been running (i.e., t + 30.5 min). These corrected time values are not presented in the 

results for the sake of clarity.

All calorimetric determinations were performed in triplicate and when less than perfect 

reproducibility was obtained (i.e., when the traces were not superimposable) five or more 

replicates were run.

3.4.4 X-ray powder diffraction

X-ray powder diffraction (XRPD) was carried out employing a Philips PW3710 X-ray 

powder diffractometer, under the following operating conditions: 45 KV, 49 mA, CuKa 

radiation and a scan speed of2°28dmin'\

3.4.5 Moisture uptake

Samples of vacuum dried (50 °C, 150 bar) salbutamol sulphate (micronised and spray 

dried) were weighed into loss on drying glass containers (150 mg) with tight lids. The 

samples were placed (uncovered) into desiccators over saturated salt solutions creating
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the following equilibrium relative humidity environments; 0 %, 12 %, 59 %, 76 % and 

96 %RH at ambient temperature. After a period of 40 days the samples were covered and 

weighed and then vacuum dried (50 °C, 150 bar) until no further weight loss was 

detected. From these weight loss measurements a basic moisture sorption isotherm was 

constructed.

3.5 Studies performed

3.5.1 Establishment of microcalorimeter experimental conditions

Samples of 10,20,30,40 and 100 mg vacuum dried (50 °C, 150 bar) salbutamol sulphate 

produced from a feed solution of initial temperature 60 °C were analysed. Saturated salt 

solutions giving the following various equilibrium relative humidities at 25 °C where 

filled into a Durham tube placed into the 3 mL vial prior to crimping: sodium bisulphate, 

59 %RH; sodium nitrite, 65 %RH; sodium chloride, 76 %RH; ammonium sulphate,

80 %RH; potassium chloride, 85 %RH and potassium sulphate, 96 %RH.

3.5.2 Effect of spray drying conditions, yield location and subsequent vacuum 

drying on isothermal and scanning calorimetry profiles

Samples of salbutamol sulphate spray dried from feed solutions of variable initial 

temperature (4,21, 40 and 60 °C) were collected from the collection vessel and the 

cyclone separator of the spray dryer, hnmediately after collection the residual moisture 

contents of the samples recovered from the collection vessel were determined by % loss 

on drying in a vacuum oven at 50 ®C held at 150 bar. After storage at 0 °C for one week 

in a silica gel desiccator the samples were analysed by DSC and microcalorimetry at 

85 %RH. The vacuum dried samples were also analysed calorimetrically. A further two 

batches spray dried from 60 °C feed solutions were tested (batch I and batch II).

3.5.3 Effect of prestorage humidity on derived isothermal and scanning 

calorimetry traces

Water uptake was induced into 150 mg of vacuum dried spray dried salbutamol sulphate 

samples by storage at 20 °C for 40 days in desiccators containing saturated salt solutions 

and silica gel giving various equilibrium relative humidities (Table 3.3). In addition,
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further samples of spray dried and micronised salbutamol sulphate were stored in the 

desiccators for a period of 40 days and then % weight gain was determined.

After 5 days storage, samples were analysed using the DSC. Microcalorimetry and DSC 

determinations were carried out after 40 days storage. In addition, ftirther determinations 

were carried out after vacuum drying at 50 °C and 150 bar of the 76 %, 59 %, 12 % and 

0 %RH samples.

The relative humidity of the desiccators used were determined by using a Rotronic 

Hydroscope (Rotronic AG, Zürich) capable of detecting 0-100 (± 0.5-2) %RH.

Saturated salt solution % Relative humidity

(silica gel) (0 %)

lithium chloride 12%

potassium acetate 23%

magnesium chloride 35%

potassium carbonate 45%

sodium bisulphate 59%

sodium chloride 76%

potassium sulphate 96%

Table 3.3 Desiccator equilibrium relative humidities

Values for the glass transition (mid-transition) temperature (Tg) and the crystallisation 

temperature (T j and the time taken for the glass transition signal (tg) and the 

crystallisation exothermic peak maximum to occur ( t j  were recorded. Furthermore, for 

the DSC traces, the Perkin Elmer software allowed the calculation of glass transition 

onset temperature and the change in the heat capacity component, ACp (J/g°C)(Figure 

3.3). The heat capacity component gives a measure of the positive deviation in the 

baseline produced. XRPD was carried out using micronised and spray dried salbutamol 

sulphate stored at 0 %RH and that stored at 59 %RH and after vacuum drying.
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Figure 3.3 Example o f a typical DSC glass transition calculation

3.5.4 Microcalorimetric study of physical mixes of amorphous salbutamol 

sulphate and different types of lactose

Increasing amounts (20, 40 and 80 mg) of: a-lactose monohydrate (DMV, The 

Netherlands); Zeparox® [partially amorphous (~ 15 %) a-lactose monohydrate]; or 100 

% amorphous spray dried lactose; were added to 20 mg samples of amorphous 

salbutamol sulphate in a 3 mL glass vial and microcalorimetric determinations were 

carried out at 85 %RH. Similar experiments were carried out using lactoseisalbutamol 

sulphate (3:1) mixes which had been tumbled at 42 rpm for 40 min in a Turbula* mixer 

(Bachofen AG, Switzerland).
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3.6 Results and discussion

The spray drying parameters used were derived from a series of experiments outlined in 

chapter 2. All spray dried and micronised salbutamol sulphate samples used had a mass 

median diameter less than 5 pm as determined by laser diffraction analysis. Micronised 

salbutamol sulphate (Batch X) had a MMD of 4.4 pm. The MMD of the spray dried 

salbutamol sulphate ranged from 3.1 to 3.7 pm. The median size was dependent on the 

temperature of the initial feed solution and the location of the yield (chapter 2).

3,6,1 Differential scanning calorimetry profile

Typical DSC profiles for micronised and original salbutamol sulphate material are shown 

in figures 3.4 and for spray dried salbutamol sulphate in figure 3.5. At the start of any run 

an artefactual small exothermic or endothermie drift occurred, thought to be related to 

the non-identical heat input to the sample pans due to differences in heat capacity, 

thermal conductivity and sample size. This was to some extent minimised by holding at 

the starting temperature for 1 min but, having disregarded the existence of a peak in this 

region, only the areas of interest post artefact are presented in the traces.

The DSC run rate of 10 ®C/min gave greater peak resolution than the 20 °C/min rate 

previously used for salbutamol sulphate (Chawla, 1993). The traces were reproducible, 

though greater reproducibility was shown by the original and micronised material than 

with the spray dried material. Slow scanning speeds (e.g., 2 °C/min) allow greater 

equilibration of the sample and thus resolution of non-reversing changes such as melting 

and decomposition. Faster scanning speeds can uncover new signals relating to solid 

state transformations, such as the glass transition temperature (Tg ), but unfortunately, 

faster speeds can also shift the position of transition temperatures. Solid state phase 

changes, such as those occurring at the Tg, are not seen at the slower speeds which tend 

to show melt mediated transformations (Ford and Timmins, 1989). In this study, running 

the samples at 2°C/min drastically changed the position and nature of established peaks 

and so all the traces presented are 10 °C/min DSC runs. Care is taken when analysing 

samples which have low thermal conductivity since temperature gradients may occur in 

the sample as a result of poor heat transfer leading to non-representative traces, as the
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temperature indicated by the platinum thermocouple is not necessarily the average 

temperature of the sample.

The original material exhibited two major endotherms as did the micronised material 

(Table 3.4). It was assumed that the endotherm seen around 207-210 °C © corresponded 

to the fusion of salbutamol sulphate (Figures 3.4 and 3.5). Most organic materials do not 

melt isothermally and thus the peak is often broad. As samples become increasingly 

impure due to decomposition (drying at elevated temperatures, e.g., 150 °C for 48 h) the 

shape of the melting peak changes. A second endothermie peak thought to be related to 

degradation of the salbutamol sulphate occurred between 286-295 ®C (D). Only this peak 

(D) was seen when running the dark brown material recovered after vacuum drying at 

temperatures > 100°C (Figure 3.6).

Melt mediated degradation of salbutamol sulphate has been reported around 200 °C by 

Ward and Schultz (1995) but the present study has shown a separate primary peak for 

this drug which was assumed to relate only to a melting endotherm. Prior to this no 

exothermic events were noted for the micronised drug which indicated that if amorphous 

surface material was present in the micronised sample, it was in very small amounts and 

thus its crystallisation signal would be below the sensitivity of detection of the DSC. On 

the other hand, it may be that prior to receiving the micronised batch it had been 

subjected to adverse environmental conditions or “thermal history” which would have 

induced an amorphous to crystalline conversion.

On analysis of the spray dried material (Figure 3.5), the integrated exothermic signal 

corresponding to crystallisation (A) was poorly reproducible but was generally in the 

range 20-40 J/g (with a few exceptions, table 3.4). Prior to melting © a series of sharp 

discrete endotherms are seen in the 100-150 °C area (B), thought to indicate the release 

of adsorbed or absorbed water. The sample pans were crimped to avoid problems with 

thermal emissivity, sublimation and sample shape changes. This seal was not hermetic, 

however, and a certain degree of water vapour loss could have occurred resulting in 

weight loss and a constantly changing baseline.
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Figure 3.4 A typical differentiai scanning calorimetry (DSC) melting peak fo r nticronised and

original salbutamol sulphate material and salbutamol sulphate recovered at the end 

o f microcalorimetry runs performed at different experimental equilibrium relative 

humidities.
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Figure 3.5 A typical differential scanning calorimetry (DSC) peak for amorphous spray dried

salbutamol sutyhate material
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Type of salbutamol sulphate

Exothermic signal 

Peak A

Endothermie peaks

PeakC PeakD

Temperature
r c )

AH
(J/g)

Temperature
CC)

AH
(J/g)

Temperature
(“C)

AH
(J/g)

Original N/S N/S 203.8 (0.2) 190.4 (2.0) 277.1 (0.5) 248.6 (2.8)

Micronised N/S N/S 201.4 (0.4) 170.2(4.1) 276.9 (0.5) 251.5 (7.2)

Spray dried 

Feed
temperature

Yield location

4 “C A 79.3 (2.3) -49.4 (7.3) 208.7(1.7) 106.2 (9.7) 291.0 (0.8) 368.1 (13.4)

B 82.8 (2.3) -16.4 (9.7) 207.5 (0.1) 60.9 (43.3) 294.1 (1.0) 353.6 (14.2)

21*C A 78.7 (0.71) -28.7 (0.9) 209.7 (0.3) 87.7 (6.9) 290.7 (5.5) 424.1 (41.5)

B N/S N/S 175.7 (0.0) 68.9(6.1) 286.1 (0.0) 369.4 (4.9)

40 °C A 76.0 (0.21) -37.1 (4.9) 208.5 (0.1) 114.3 (13.7) 290.3 (4.2) 367.9 (7.8)

B 76.4 (0.0) -68.9 (9.0) 208.9(1.3) 102.0 (23.3) 291.1 (1.06) 352.8 (21.0)

60 °C A 74.8 (4.3) -25.6 (10.0) 209.3 (0.1) 92.7 (26.4) 292.5 (1.6) 335.7 (14.8)

B 72.9 (0.0) -25.1 (0.2) 209.1 (2.6) 135.7(21.7) 287.2 (0.3) 332.4 (53.2)
(n=3, ±sd)
N/S - Not seen
A - Yield taken from collection vessel
B - Yield taken from cyclone separator
AH - Enthalpy change associate with transition
Table 3.4 Principal peak analysis o f DSC traces fo r  original, micronised and spray dried salbutamol sulphate
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3,6.2 Isothermal microcalorimeter profile

The appearance of the microcalorimeter profile for amorphous spray dried salbutamol 

sulphate (Figure 3.7) was similar to that previously described for amorphous spray dried 

lactose (Sebhatu et al., 1994a). There are four regions of interest:

A - wetting peak:

An exothermic heat flow was registered corresponding to the absorption of water vapour 

into the amorphous bulk, the process starting in the 30 min equilibration period. This was 

followed by a region of zero heat flow superimposing the base line which was the time 

at which the water absorption and vaporisation signals were equal and opposite (Angberg 

et al., 1991; Angberg, 1992). The intensity of this peak is dependent on the number of 

molecules of water involved and the associated bond energy between the powder bulk 

and the water (Sheridan et al., 1995).

B - glass transition

A small positive signal followed by a slight deviation in the endothermie direction of the 

baseline with a corresponding change in the viscoelastic properties of the sample was 

thought to be the glass transition. When the experiment was stopped before this peak at 

time, t < tg (2 h), the DSC profile of the recovered sample still showed the small baseline 

shift characteristic of the Tg (4 h). Whereas sample recovered post this signal, at t > tg, 

did not show a Tg when analysed immediately in the DSC (Figures 3.8 a and b).

C - superimposed endotherm

An endotherm is seen in most but not all curves which was immediately superimposed 

by a large exothermic signal. As the intensity of this endotherm was not reproducible 

(Figure 3.9) but mostly eliminated when analysing vacuum dried samples, it is believed 

to correspond to the release of absorbed water which occurs during the crystallisation 

process. This endotherm became shifted further into the crystallisation peak at lower 

experimental relative humidity, i.e., 65 %RH, where a broad peak indicates a change in 

the crystallisation kinetics (Figure 3.10).
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D - crystallisation peak

A sharp, narrow exothermic peak signalled the spontaneous co-operative crystallisation 

process of the total amorphous content to form a large opaque crystalline aggregate. 

When samples recovered from the microcalorimeter are run in the DSC the melting 

endotherm corresponds to that of the starting material, thus the same crystalline species 

has been produced or at least a crystalline species having the same melting point (Table

3.5 and Figure 3.4). In the case of experimental relative humidities ^ 59 %RH, 

insufficient water was supplied to the sample to initiate crystallisation within the 

maximum experimental time span, 24 h (Figure 3.11), and a crystallisation exotherm was 

recorded in the DSC. At experimental equilibrium relative humidity conditions of k 76 

%RH a crystallisation exotherm was seen in the microcalorimeter and none in the DSC 

when the recovered material was run.

300 n

A = wetting peak 
B "  glass transition 
C "  superimposed endotherm 
D "  re-crystaliisation peakO  200 -

100 -

-50
0 105

Tim e, t (hi

Figure 3.7 A typical isothermai microcalorimetry (TAM) profile for spray dried salbutamol 
sufphate run at 85 %RH

112



Chapter 3 Investigation ofphysical stability

250 n

200  -

^  150 -

®  100  -  .•

50 - Sample 1
Sample 2

-2 5
B0 2 4 6

Time, t (h)

(a)

E

o»o
a.

(b)

15.0 -1

14.5 -

14.0 -

13.5 -

13.0 -

12.5 -

12.0 -

11.5 H 

11.0
10.5 - 

10.0  -

9.5

No Tg 

\
Sample 1

Tg Sample 2

\ /
25 40 60

— I—  

60 100 120

T e m p e ra tu re  (*C)

Figure 3.8 (a) TAMprojlle showing the times at which thepre-endothermic (1) and

post-endothermic (2) shift samples were recovered from the microcalorimeter, and (b) 

the traces obtained when these samples were run immediately in the DSC
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Figure 3.9 Expanded microcalorimeter response showing the variation in intensity o f the 

superimposed exotherm prior to crystaliisation o f spray dried salbutamol sulphate at 

76%RH
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Figure 3.10 TAM crystaliisation peak profilefor 20 mg amorphous spray dried salbutamol su^hate

run at 65 %RH
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Experimental 
equilibrium 
relative humidity 
(%RH)

Exothermic peak 

A - crystallisation

Endothermie peaks

C - Melting

Temperature
(°C)

AH (J/g) Temperature
(°C)

AH (J/g)

59%RH 100.54 -12.75 202.98 23.45
(0.85) (0.92) (0.24) (4.92)

76%RH N/S N/S 205.67 105.17
(0.96) (3.30)

96%RH N/S N/S 210.90 103.30
(0.89) (2.59)

(n=3, ±sd)
N/S - Not seen

Table 3.S Principai peak anafysis ofDSC traces for salbutamol sufyhate material recoveredpost 

microcalortmetryrun at various experimental equilibrium relative humidities and then 

vacuum dried.
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Figure 3.11 Microcalorimeter (TAM) profiles showing the effect o f  miniature humidity chamber

relative humidity on the crystallisation peak time for 20mg salbutamol sulphate
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3.6.3 Establishment o f microcalorimeter experimental conditions

Factors affecting crystallisation time were found to be the amount of amorphous material 

and the relative humidity, as previously reported by Sebhatu et al. (1994a)(Figures 3.11, 

3.12 and 3.13; Tables 3.6 and 3.7). A linear correlation with experimental equilibrium 

relative humidity was seen for the time to glass transition (tg) for humidities z 65 %RH 

and for time to crystallisation ( t j  at humidities ^ 76 % RH (Figure 3.12). The rate of 

crystallisation is dependent on the combined influence of the following variables: the rate 

of water vapour supply (i.e., experimental relative humidity); the rate of absorption of 

water vapour by the amorphous material; the rate of water desorption and/transfer 

through the powder bed voids of any other component (excipient) in the experimental 

vial, wiiich is in turn dependent on its hydrophilic/hydrophobic nature; and the location 

at which the water vapour is first absorbed (Buckton and Darcy, 1995b). For a constant 

amount of amorphous material, therefore, it would be expected that a linear correlation 

of tg and tg with increasing amounts of available water vapour or experimental 

equilibrium relative humidity exists.

The broad nature of the 65 %RH crystallisation peak with a superimposed exotherm mid- 

crystallisation (Figure 3.10) suggests a biphasic process has occurred. A biphasic process 

can occur when the upper layers of the sample in closer proximity to the source of water 

vapour become saturated and begin to crystallise. These upper layers then expel the 

absorbed water to the lower regions which then also become saturated and crystallise 

spontaneously. The two events being seen as one peak interrupted by the endotherm 

relating to water desorption. However, this explanation would be reasonable if the rate 

of supply of moisture was greater than the rate of water re-distribution within the powder 

bed. This is clearly not the case at low relative humidity if, as in this situation, it does not 

occur at the higher experimental relative humidities. A more reasonable explanation, 

therefore, is that at 65 %RH slow crystallisation kinetics are induced. The type of 

kinetics and the reason for the shift of the water desorption endotherm to mid

crystallisation is not fully understood. It is known that moisture sorption is dependent 

on the mechanosorption and macroscopic properties of the absorbent (Bell, 1995) and, 

thus, theoretically the sorption characteristics of a glass would be different to that of a
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Chamber humidity t.(h) tc(h) J(dQ/dtJ(mJ)

65 %RH 5.08 14.89 486.16
(0.09) (1.00) (159.13)

76 %RH 3.52 6.39 483.87
(0.13) (0.01) (64.26)

80 %RH 2.72 4.66 555.89
(025) (0.21) (62.37)

85 %RH 2.75 4.71 496.41
(0.19) (0.28) (7.66)

96%RH 1.70 2.70 396.56
(0.16) (0.19) (726)

(n=3, ± sd) 

Table 3.6 Effect o f  miniature chamber humidity on microcalorimeter signal
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Figure 3.12 The linear relationshty between the time to glass transition (t )̂ and crystallisation ( tj

and the experimental equilibrium relative humidity (  % RH)
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Sample weight tg(h) tc(h) J(dQ/dg(mJ)

10 mg 1.17 2.51 182.95

(0.06) (0.07) (21.27)

20 mg 2.83 4.89 506.60

(0.19) (0.31) (16.07)

30 mg 4.15 6.55 749.10

(0.10) (0.11) (45.17)

40 mg 5.84 8.85 974.69

(0.51) (0.28) (31.59)

100 mg 11.63 16.11 2492.00

(1.17) (2.02) (11.31)

(n=3, ± sd)

Table 3,7 Effect o f sample weight on microcalorimeter signal
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rubber. Therefore, it is possible that at lower relative humidities (e.g., 65 %RH) the 

different crystallisation kinetics seen may have been due to the greater influence of the 

rubber state existing for a longer time period before crystallisation. Interestingly, this 

phenomenon coincides with the departure from the straight line relationship between 

experimental relative humidity and the time to crystallisation (tJ but not the time to glass 

transition (tg )(Figure 3.12).

Samples run at 80 %RH gave that were very similar to those obtained at 85 %RH (Figure 

3.11 and Table 3.6). This may have been due to the supersaturation of the salt solution 

leading to an inaccurate %RH. The 59 %RH experimental condition did not induce 

crystallisation in the sample up to 24 h but the powder had undergone a morphological 

change into larger semi-opaque aggregates.

The integrated heat flow signal (Table 3.7) obtained from the profiles shown in figure 

3.13a gave a linear relationship between the heat of crystallisation and weight of spray 

dried material. This allowed the calculation of an apparent enthalpy of re-crystallisation 

of amorphous salbutamol sulphate (Figure 3.13b). The spray dried samples yielded an 

apparent specific enthalpy of crystallisation of 25.16 J/g which corresponds well with the 

data obtained from the DSC (20-40 J/g) and was of the same order as the crystallisation 

enthalpy determined for amorphous lactose by microcalorimetry (32.0 J/g, Sebhatu et al., 

1994a; 47.0 J/g, Buckton and Darcy, 1995a). This value permits the accurate 

quantification of the degree of disorder (or percentage amorphous content) in unknown 

samples of salbutamol sulphate containing less than 100 % crystalline material. For 

example, in this study the apparent specific crystallisation enthalpy was used to quantify 

the percentage crystallinity of the 59 %RH pre-stored sample (section 3.6.5).

Figures 3.11 and 3.13a indicate that a sample size of 20 mg and experimental equilibrium 

relative humidity of 85 %RH allowed a complete response to be obtained within 10 h. 

Therefore, these conditions were chosen for subsequent experiments, unless otherwise 

stated, as they permitted two determinations to be undertaken per day.
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Figure 3.13 (a) TAM traces showing the effect of amount of amorphous material (vacuum dried

salbutamol sulphate spray driedfrom a 60“Cfeed solution) on re-crystallisation peak 

time and area at 85 %RH and (b) the calculation of a specific enthalpy of 

re-crystallisation

120



Chapter 3 Investigation o f physical stability

3.6,4 Effect ofspray drying conditions and subsequent vacuum drying on isothermal 

and scanning calorimetry profiles.

Solutions fed into the spray dryer at higher temperatures heat up rapidly resulting in more 

efficient drying within the hollow amorphous particles in the drying chamber and this is 

reflected in the trend in residual moisture content (Chapter 2 and Table 3.8).

Feed
Solution

Temperature
CC)

Crystallisation peak Residual 
moisture content

Temp.
To
m

Time
tc
(h)

4 79.3 (±4.36) 1.93 (±0.20) 4.17 (±0.11)

21 78.7 (±1.50) 5.63 (± 0.25) 3.96 (±0.12)

60 74.8 (±3.16) 6.77 (± 0.88) 1.83 (±0.61)
(n=3, ±sd)

Table 3.8 Crystallisation temperature, time (determined by microcalorimetry o f a 26.5 mg sample
at 80 %RH) andnutisturecontentof samples of salbutamol sulphate dried at Afferent feed 

solution temperatures.

No major differences in profile shape or derived enthalpies could be inferred using DSC 

(Figure 3.14 and Table 3.4) for batches of salbutamol sulphate spray dried at different 

feed solution temperatures. After storage of these samples in a 0 %RH desiccator (silica 

gel) for 6 months a crystallisation peak could no longer be detected due to an increase 

in physical stability of the amorphous form. Microcalorimetry proved to be a more 

discriminating procedure allowing qualitative and quantitative assessment of the relative 

physical stabilities of the samples, as it showed clear differences in the material produced 

from different feed solution temperatures (Figure 3.15).

The effect of yield location within the spray dryer on the physical stability of the 

amorphous spray dried salbutamol sulphate is presented in figure 3.16 and table 3.9. 

Although no clear differences were seen in the DSC profiles for these samples (figure

3.16), a t-test analysis of the microcalorimeter results showed statistical differences 

(p < 0.05) at a 95 % confidence interval for the time to crystallisation, t̂  (p=0.029) and
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Figure 3.14 DSC re-crystallisation peaks for spray dried salbutamol sulphate product at different 

feed solution temperatures.
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Figure 3.15 TAM traces showing the relative physical stabilities ofsalbutamol sulphate spray dried

at different feed solution temperatures.
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Figure 3.16 DSC profiles for amorphous spr<  ̂dried salbutamol su^hate produced at d^erentfeed

solution temperatures and collected from A-the collection vessel and B-the cyclone 

separator.
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Location of yield 

collection
tg(h) tc(h) J{dQ/dt,} (mJ)

A-collection vessel 1.87 3.54 416.47

(0.16) (0.23) (55.85)

B-cyclone separator 2.32 4.07 543.73

(0.36) (0.36) (34.73)

p value* 0.073 0.029* 0.049*

(n=5, ±sd)

' probability values from a paired t-test for statistical significant difference at a 95% confidence interval 

*p<0.05 - statistically significantly different

Table 3.9 Effect ofyield location on microcalorimeter response fo r spray dried

salbutamol su^hate

Collection vessel 

sample
tg(h) tc(h) J{dQ /dtJ(m J)

Batch n 1.87 3.54 416.47

(0.16) (0.23) (55.85)

Batch n  + 2.83 4.87 506.60

vacuum drying (0.19) (0.31) (16.07)

p value* 0.0055** 0.075 0.028*

(n=5, ±sd)

* probability values from a paired t-test for statistical significant difference at a 95% confidence interval 

*p<0.05 **p<0.02 - statistically significantly different

Table 3,10 Effect o f  vacuum drying (SO “C, 150 bar) on the microcalorimeter

response fo r  spray dried salbutamol sulphate
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the associated enthalpy of crystallisation J(dQ/dtJ (p=0.049) but not for the time to glass 

transition, tg (p=0.073). Material from the cyclone separator has a lower residual 

moisture content than that collected from the collection vessel (chapter 2) as the material 

in the cyclone separator was in contact with higher temperatures for a longer period of 

time. This disparity in residual moisture content is detected indirectly by the 

micro calorimeter in the changes seen in the time to crystallisation (Table 3.9), but the 

DSC did not show differences in the crystallisation temperature (Figure 3.16).

The vacuum dried salbutamol sulphate samples gave narrower peaks with the TAM with 

less tendency to give the primary endothermie peak thought to relate to moisture 

desorption. Vacuum dried samples were used in subsequent experiments, unless 

otherwise stated, as salbutamol sulphate stored at 0 %RH gave less reproducible results. 

This may be due to unequal distribution of moisture within the sample. A t-test revealed 

statistical differences at a 95 % confidence interval in tg (p=0.006) and /(dQ/dt^ ) 

(p=0.028) for microcalorimeter results from vacuum dried amorphous salbutamol 

sulphate and non-vacuum dried material (Table 3.10).

The microcalorimeter could also be used to detect qualitative differences in batches 

produced under the same spray drying conditions (60 °C feed solution and vacuum 

drying at 50 °C, 150 bar) which could not be detected by the DSC (Table 3.11 and Figure

3.17). As expected, a t-test showed no statistical difference in the microcalorimeter 

traces, tg (p=0.22), (p=0.25) and J(dQ/dQ (p=0.84), but the TAM profile showed a

clear change in the nature and position of the crystallisation peak maximum (Figure

3.17).
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Batch t.(h) t,(h) J{dQ/dU(m J)

Batch I 2.83 4.87 506.60
(0.19) (0.31) (16.07)

Batchn 2.64 4.59 51226

(0.03) (0.07) (27.58)

p value* 0.22 0.25 0.84

(n=5, ±sd)

‘ probability values from a paired t-test for statistical significant difference at a 95% confidence interval 
No statistical differences seen

Table 3.11 The microcalorimeter response for two batches of spray dried salbutamol sulphate
at 85 %RH

Botchl3 50  -1

Batchn262

a .  174 -

-2

- 9 0

0.0 2.0 10.04.0 6.0 8.0

T im e  (h)

Figure 3.17 TAM crystallisation peak profilefor two batches of amorphous spray dried salbutamol

sulphate run at 80 % RH (two replicates shown)
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3,5.5 Effect o f pre-storage conditions on derived DSC and microcalorimetry traces

Storage of spray dried material at humidities > 59 %RH caused spontaneous release of 

water and crystallisation. Storage at  ̂59 %RH did not induce crystallisation, within the 

experimental time frame of 24 h, but did change the position of the glass transition and 

crystallisation signals in both the DSC and TAM traces. Figures 3.18 and 3.19 show 

isothermal and scanning calorimetry traces each indicating clear ""depression” or shifting 

of the glass transition signal produced by moisture uptake of amorphous salbutamol 

sulphate stored at humidities  ̂ 59 %RH. Table 3.12 quantifies this trend and the similar 

trend in the crystallisation peaks after 40 days. Apart from the 33 %RH samples, there 

was an increase in the amount of glass transition shift from 5 days to 40 days storage as 

the powder had more time to equilibrate in the new relative humidity (Table 3.13).

The glass transition temperature is thought to be found approximately in the temperature 

range given by the expression; Tg = 0.7T„ (where is the crystalline melting point) 

(Hancock and Zografi, 1994). In the case of salbutamol sulphate with a crystalline 

melting point of around 208 °C (Table 3.4) this would give a predicted Tg of 146 ®C. A 

value presumably relating to a dry sample which would approximate to the spray dried 

salbutamol sulphate pre-stored at the lowest humidities. In practice, however, it is 

recognised that values for glass transition determined by experimentation vary according 

to how the ‘"glassy” material was formed and the experimental temperature range and 

scanning rate used in its measurement. Samples which had been vacuum dried and 

equilibrated at the lowest humidities (0 %, 12 % and 23 %RH) in this study, did not 

exhibit a Tg or T̂  in the DSC up to a temperature of 180 °C where a complex arrangement 

of multiple peaks were seen thought to be a combination of water loss and decomposition 

(Figure 3.20). This is much lower than the values quoted previously (section 3.6.1) for 

melting, 207 - 210 “C, and decomposition, 286 - 295 °C. The effects of moisture uptake 

on the TAM trace were reversed on vacuum drying of the 12 %RH pre-equilibrated 

samples. Greater physical stability was restored to these samples on drying, seen by the 

increase in tg or t̂  to values similar to that of the original 0 %RH sample. This was not 

the case for samples stored at 59 %RH and vacuum dried. Irreversible differences in 

apparent crystallisation enthalpy and time were seen (Figure 3.21 and Table 3.14).
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Figure 3.19 Isothermal microcalorimetry glass transition signals for amorphous
salbutamol su^hate
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DSC Microcalorimetry

Pre-storage
Humidity
(%RH)

TgCC) TcCC) tg(h) tc(h)

0% N/S N/S 2.83 
(± 0.19)

4.89
(±0.31)

12% N/S N/S 2.03
(±0.27)

3.45 
(± 0.59)

23% N/S N/S 1.39
(±0.27)

3.13 
(± 0.22)

33% 53.99 
(± 6.27)

109.63
(±1.85)

N/D N/D

45% 45.55 
(± 3.05)

107.00
(±9.76)

0.96
(±0.11)

2.62 
(± 0.35)

59% 33.39 
(± 0.78)

90.84
(±1-43)

<t = Oh* 1.08 
(± 0.07)

(n=3, ± sd)

Key:
Tg - glass transition temperature (midpoint of transition)
Tg - crystallisation peak maximum temperature
tg - time to glass transition signal minimum
tg - time to crystallisation peak maximum
%RH - pre-storage humidity
N/D - not done
N/S - not seen
* glass transition occurred within equilibration period

Table 3.12 Results from isothermal and scanning calorimetry anafysis o f amorphous salbutamol
sulphate samples stored at various equilibrium relative humidities for 40 «toys.
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Pre-storage
Humidity
(%RH)

T. (°C) onset r.CC) ACp :J/g°C)

day 5 day 40 day 5 day 40 day 5 day 40

33% 43.40
(±0.57)

53.99
(±6.27)

40.77
(±0.84)

51.26
(±5.29)

0.79
(±0.19)

1.39
(±0.31)

45% 48.73
(±2.46)

45.55
(±3.05)

46.85
(±2.35)

42.35
(±2.35)

0.74
(±0.34)

0.68
(±0.15)

59% 44.72
(±1.53)

33.39
(±0.78)

41.94 
(± 1.38)

30.55
(±1.34)

0.80
(±0.23)

0.39
(±0.05)

Table 3.13

(n=3, ± sd)
Key:
Tg - glass transition temperature (midpoint of transition)
Tg - crystallisation peak maximum ten^erature
%RH - pre-storage humidity
ACp - change in heat capacity component

Results from differential scanning calorimetry analysis o f amorphous salbutamol 
su^hate samples stored at various equiiibrium reiative humidities fo r 5 days and 40 
days

Pre
storage
humidity

Equilibrium
moisture
content

t,(h) to(h) f {dQ/dtJ (mJ)

(%w/w) Pre Post Pre Post Pre Post

0 %RH* 0.00 - 2.83
(±0.19)

- 4.89
(±0.31)

- 506.60
(±16.07)

12 %RH 1.49
(±0.05)

2.03
(±0.27)

3.05
(±0.23)

3.45
(±0.59)

4-96
(±0.22)

433.60
(±1.36)

536.78
(±31.63)

59 %RH 7.98
(±0.04)

No glass transition 1.08
(±0.07)

2.09
(±0.12)

459.11
(±27.04)

325.65
(±31.66)

76 %RH 0.53
(±0.10)

No crystallisation exotherm

(n=5, ±sd)
Pre = immediately after pre-storage
Post = after pre-storage and vacuum drying at 50 ®C, 150 bar
* 0 %RH sample had been vacuum dried prior to pre-storage
tg - time to glass transition signal minimum
tg - time to crystallisation peak maximum
J {dQ/dtg} - apparent enthalpy of crystallisation

Table 3.14 Effect o f pre-storage and vacuum drying o f amorphous saibutamoi sulphate on
microcalorimeter signai
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Figure 3.20 DSC profiles for 0%, 12% and 23% RH pre-equiiibrated amorphous saibutamoi
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Figure 3.21 TAM traces for samples of amorphous spray dried salbutamol su^hate which were

pre-stored at various humidities and then vacuum dried at SO “Cprior to 

microcalorimetry at 85% RH
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The 59 %RH sample had changed morphologically into larger semi-opaque aggregates 

on storage which were further affected by drying. The vacuum drying temperature (50 

°C) was greater than the depressed Tg found for this sample (Table 3.12) but less than 

the Tg. When this sample was analysed by XRPD an amorphous “halo” superimposed by 

sharp peaks was obtained, alluding to a state of partial crystallinity (Figure 3.22). The 

apparent specific enthalpy (25.16 J/g) calculated from figure 3.12 was used to determine 

the average percentage crystallinity of this sample pre and post vacuum drying from the 

TAM traces, the values obtained were 91.24 % and 64.72 % respectively. The disruption 

of the primary particles to form larger aggregates due to the coalescence of neighbouring 

particles results in the release of moisture from the amorphous material. Therefore, as 

well as obtaining a crystallisation peak with reduced intensity, the superimposed 

endotherm relating to water desorption was not seen when this sample was run in the 

microcalorimeter (Figure 3.21).

The glass transition is the narrow temperature range over which a reversible transition 

occurs between the amorphous glass state and the more viscous "liquid like" rubber state 

(Oksanen and Zografi, 1990). The glass transition temperature, Tg, of an amorphous 

solid is thus a critical property which determines physical, chemical and viscoelastic 

properties. The morphological change into the amorphous rubbery state is due to 

coalescence of particles as a result of the amorphous solid undergoing viscous flow. In 

terms of dry powder aerosols it marks the point at which the integrity of the primary 

particle is lost due to irreversible fusion of adjacent particles (Plate 5). Tg is taken as a 

baseline shift in a DSC trace and most successfully resolved using a fast scaiming rate 

and a modulated calorimetry technique. In this case, the Tg was successfully located in 

both DSC and TAM traces remote from other thermal events (Figure 3.8 a and b). Post 

Tg there is thought to be a structuring of the molecules prior to crystallisation and this 

results in a release of energy and a return to the baseline, most effectively seen in the 

TAM trace and termed “enthalpic annealing” by Hancock et al. ( 1995).
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Figure 3.22 X-ray powder diffraction traces for deferent forms of salbutamol sulphate

(a) Mlcronlsed salbttiamol su^hate -  sharp peaks indicatepredominantfy crystalline 

materiaL

(b) Spray dried saibutamoi sulphate pre-stored at 59 %RH for 40 days and vacuum 

dried at 50 "C and 150 bar. A partially crystaUine nature is evident

(c) Spray dried saibutamoi sulphate stored at 0 %RH- a characteristic amorphous 

**halo** is seeru
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There is a qualitative relationship between moisture content and the position of the glass 

transition. The relationship between the glass transition temperature and moisture content 

of amorphous solids has previously been investigated and it is known that interaction 

with water in the vapour phase by amorphous materials is a bulk rather than a surface 

phenomenon (Zografi et al, 1988; Hancock and Zografi, 1994; Sebhatu et al., 1994a and 

b). Large quantities of water can be absorbed dependent on the total amount of 

amorphous material rather than its surface area. Water, having an intrinsically low Tg, 

acts as a “plasticiser^’ by increasing molecular mobility and free volume resulting in a 

depression or lowering of the glass transition temperature of amorphous materials. Once 

a critical moisture content is reached the value of the glass transition temperature is 

below the experimental temperature and there is sufficient molecular re-orientation to 

initiate nucléation and continuous crystal growth.

This critical moisture content (CJ can be located by dynamic water vapour sorption 

analysis (WVSA) as the region in the absorption isotherm where a significant 

spontaneous loss of sample weight is noted. Recent advances in this microbalance 

technique has allowed the accurate control of small sequential increments in chamber 

relative humidity and gravimetric equilibration. WVSA offers a more accurate 

determination of moisture sorption and desorption than allowed by the normal desiccator 

technique, previously routinely used to establish isotherms. Ward and Schultz (1995) 

established a critical relative humidity of around 50 %RH for the amorphous surface 

material produced by micronising salbutamol sulphate. The WVSA technique detected 

an associated 50 % loss in weight at 50 %RH for amorphous salbutamol sulphate. In this 

current study using a desiccator method, the dramatic expulsion of water occurred at a 

threshold humidity located between 59 %RH and 76 %RH (Figure 3.23). This method, 

however, was limited in sensitivity by the use of available saturated solutions and 

continuous de-equilibration on weighing. This humidity range is in good agreement with 

the Ward and Shultz (1995) value bearing in mind the resolution of the method and, in 

addition, coincides with the humidity at which the partially crystalline state was seen to 

be produced.
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Plate 5 Irreversible fusion of adjacent primary aerosol particles of spray dried 

saibutamoi su^hate
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Figure 3.23 Moisture sorption isotherm for amorphous spray dried and micronised

saibutamoi sulphate (n=3, ± sd)
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Prior to this threshold value (C j the spray dried salbutamol sulphate was seen to absorb 

up to 7.98 % of its initial mass of water compared to 0.23 % for the micronised sample 

(batch X). The 0.5 %w/w moisture content allowed by the US? raw material 

specification for unmicronised salbutamol sulphate would clearly be inappropriate for 

spray dried material. This study and that of Ward and Schultz (1995) has shown that 

residual moisture contents for micronised and spray dried forms are dependent on the 

degree of processing and the environmental conditions to which the material had been 

subjected.

The effects of increasing moisture content and temperature have been described as means 

of deactivation as they induce the production of the thermodynamically stable species. 

An increase in temperature will provide the energy required for increased molecular 

mobility and crystallisation. Zografi and co-workers (Ahlneck and Zografi, 1990; 

Oksanen and Zografi, 1990; Hancock and Zografi, 1994; Saleki-Gerhardt et al., 1994) 

have investigated the dynamics of molecular activity at or around the Tg using model 

highly amorphous materials ranging firom large polymeric materials, such as lyophilised 

sugars and film-forming polyvinyl pyrrolidone (PVP), to small glass forming species 

such as indomethacin, akin to the salbutamol sulphate used in this work.

In this study, the existence of a partially crystalline state in the 59 %RH sample detected 

by XRPD (Figure 3.22) and microcalorimetry (Figure 3.21) seems to contradict the co

operative crystallisation hypothesis which has accounted for the discussion of the results 

thus far. This phenomenon can not be explained adequately due to the need for further 

work in determining the nature of molecular motion in the region below the Tg. In a 

recent study Hancock et al. (1995) assessed, by determination of enthalpic and 

dimensional relaxation, the molecular mobility of amorphous solids below their glass 

transition temperatures and concluded that there is significant molecular mobility at 

temperatures below the Tg (up to 50 °C < Tg). Furthermore, this mobility was found to 

be of the intensity that would compromise the solids pharmaceutical shelf life.

It is often assumed that “glassy” materials below their Tg are stable but according to
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Hancock et al. (1995) the molecules are in a transition zone between high and low 

molecular motion. This constant state of co-operative translational motion involves many 

molecules and is not attributable to just the vibrations and rotations of individual species. 

What is still uncertain is whether the combination of molecular mobility and the tendency 

towards attaining a more thermodynamic stable state will induce adjacent molecules to 

produce interparticulate bridging. This coalescence which would negate any size 

reduction efforts, would explain the morphology and partial crystallinity of the 59 %RH 

pre-equilibrated sample formed in this study.

i .  6,6 Microcalorimetric s tu ^  ofphysical mixes o f amorphous salbutamol sulphate 

and different types o f lactose 

Zografi et al. (1988) found that in closed systems, amorphous powders which have 

absorbed moisture can act as a water reservoir promoting water-solid interactions 

through the vapour phase with other components in a physical mix. A recent study by 

Buckton and Darcy (1995b) added to the knowledge of the transmission kinetics of 

moisture through powder beds and the mechanisms of crystallisation, by investigation 

of two component systems comprising of amorphous lactose and inert, hydrophobic or 

hydrophilic excipients.

This study was carried out to determine whether water-solid interaction between 

components of physical mixes comprising different types of carrier lactose and spray 

dried salbutamol sulphate (1:1, 2:1 and 4:1) would affect the physical stability of the 

amorphous drug compared to carrier-free samples.

As crystalline lactose is known to absorb very small quantities of water at humidities 

<75 %RH and does not absorb large amounts until 90 %RH (Sheridan et al., 1995), it 

was hoped that lactose would act as a barrier to water absorption by the very hydrophilic 

spray dried drug, this protection being evident from an extension of the time to 

crystallisation measured in the microcalorimeter (tj. The following results (Tables 3.15 

to 3.19 and Figures 3.24 to 3.28) show that some statistical differences were seen in the 

time to glass transition (tg) and crystallisation ((.) when adding or tumbling crystalline
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a - lactose monohydrate (DMV, The Netherlands) and partially amorphous (~ 15 %) 

Zeparox® lactose with 100 % amorphous spray dried salbutamol sulphate, but essentially 

these types of lactose did not favourably affect the physical stability of the amorphous 

drug by extending the time to crystallisation (i.e., tg < 4 h). Interestingly, the shape of the 

crystallisation peak changed becoming broader or narrower depending on whether the 

lactose was added or tumbled with the salbutamol sulphate. This may have been due to 

differences in moisture distribution within the powder bed.

The broadening of the peaks could be attributed to the existence of concentration 

gradients between the sample layers, as postulated by Buckton and Darcy (1995b). The 

upper layers of predominantly crystalline lactose absorb water and redistribute it to the 

lower amorphous layer and it is the nature of this supply of moisture to the lower layer 

which causes the broadening of the crystallisation peak. The reason why the 

homogeneous mixes should show narrower peaks than the carrier-free situation is 

unclear. The shape of the peak suggests a very rapid crystallisation process yet the time 

to crystallisation is impeded significantly ( p < 0.001 for DMV lactose and p = 0.001 for 

Zeparox® lactose). The nature of the peak is surprising when considering that the 

amorphous particles, in the presence of carrier particles, are less likely to form permanent 

bridges and crystallise due to the increase in molecular mobility and interaction with 

adjacent amorphous particles.

The time to crystallisation was clearly extended by the addition of a second 100 % 

amorphous material, spray dried lactose, thus, increasing the physical stability of the dry 

powder sample (Figure 3.28). This was consistent with the fact that moisture sorption is 

dependent on the total amount of amorphous material and seems to be independent of 

chemical nature. The dependence of the time to crystallisation on the amount of 

amorphous material was similar regardless of whether the amorphous content was a 

single or a multi component sample.
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Amount of lactose 
DMV- 200 mesh

Amount of spray 
dried salbutamol 

sulphate

t,(h) t,(h) J{dQ/dtJ
(mJ)

Omg 20 mg 2.10 3.65 414.61
(0.20) (0.38) (44.98)

20 mg 20 mg 1.86 3.24 413.98
(0.21) (0.24) (50.24)

40 mg 20 mg 2.03 3.60 378.14
(0.14) (0.21) (44.52)

80 mg 20 mg 2.25 3.70 394.78
(0.19) (0.18) (41.17)

p-value* 0.32 <0.001*** 0.38

(n=6, ±sd)

* probability values from a oneway (unstacked) ANOVA statistical test for significant difference at a

95 % confidence interval

***p<0.001= statistically significantly different

Table 3.15 Effect on microcalorimeter signal of addition of DMV lactose (200 mesh) to ampoules
containing 20 mg spray dried salbutamol sulphate at 85 %RH
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Figure 3.24 Effect of addition of DMV lactose (200 mesh) to ampoules containing 20 mg spray 

dried salbutamol sulphate on crystallisation peak time and shape at 85 %RH
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Amount of lactose 
DMV- 200 mesh

Amount of spray 
dried salbutamol 

sulphate

t,(h) tc(h) J{dQ /dtJ
(mJ)

Omg 20 mg 1.57 2.98 446.03
(0.16) (0.18) (74.37)

20 mg 20 mg 1.99 3.50 405.09
(0.61) (0.53) (107.82)

40 mg 20 mg 1.42 3.29 428.20
(0.18) (0.34) (52.76)

80 mg 20 mg 1.93 4.22 471.05
(0.13) (0.14) (79.14)

p-value* 0.017** <0.001*** 0.70

{n=6, ±sd}

 ̂probability values from a oneway (unstacked) ANOVA statistical test for significant difference at a 
95 % confidence interval
* = statistically significantly different **p<0.02 ***p<0.001

Table 3.16 Effect on microcalorimeter signal at 85 %RH of mixing DMV lactose (200 mesh) 
with 20 mg spray dried salbutamol sulphate in a Turbula mixer* at 42 rpm for 40 min
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Figure 3.25 Effect on crystallisation peak time and shape at 85 %RH of mixing DMV lactose 

(200 mesh) with 20 mg spray dried salbutamol sulphate in a Turbula mixer* at 42 rpm 

for 40 min
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Amount of 
Zeparox* 

lactose

Amount of spray 
dried salbutamol 

sulphate

t,(h) tc(h) J{dQ /dtJ
(mJ)

Omg 20 mg 1.57 2.98 446.03
(0.16) (0.18) (74.37)

20 mg 20 mg 1.61 3.05 426.88
(0.21) (0.32) (51.86)

40 mg 20 mg 1.61 3.04 442.08
(0.34) (0.39) (39.97)

80 mg 20 mg 1.89 3.46 453.05
(0.32) (0.36) (26.49)

p-value* 0.182 0.102 0.858

(n=6, ±sd)

* probability values from a oneway (unstacked) ANOVA statistical test for significant difference at a
95 % confidence interval
No statistically significantly difference seen

Table 3.17 Effect of addition of Zeparox^ lactose to ampoules containing 20 mg spray dried
salbutamol su^hate on microcalorimeter signal at 85 %RH
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Figure 3.26 Effect of addition of Zeparox^ lactose to anqtoules containing 20 mg spray dried

salbutamol sulphate on crystallisation peak time and shape at 85 %RH
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Amount of 
Zeparox® 

lactose

Amount of spray 
dried salbutamol 

sulphate

tg(h) tc(h) J{dQ/dtJ
(mJ)

Omg 20 mg 1.57 2.98 446.03
(0.16) (0.18) (74.37)

20 mg 20 mg 1.70 3.98 403.76
(0.21) (0.39) (81.40)

40 mg 20 mg 1.83 3.86 429.52
(0.18) (0.34) (41.38)

80 mg 20 mg 1.62 3.55 428.54
(0.24) (0.28) (76.47)

p-value* 0.342 0.001** 0.88

(n=6, ± sd)

* probability values from a oneway (unstacked) ANOVA statistical test for significant difference at a
95% confidence interval
**p<0.02 = statistically significantly different

Table 3.18 Effect on microcalorimeter signal of mixing Zeparox* lactose with 20 mg spray dried

salbutamol su^hate in a Turbula mixer* at 42 rpm for 40 min
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Figure 3.27 Effect on crystallisation peak time and shape of mixing Zqtarox* lactose with 20 mg

spray dried salbutamol sulphate in a Turbula mixer  ̂at 42 rpm for 40 min at 85 %RH
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Amount of spray dried 
amorphous 

lactose

Amount of spray dried 
salbutamol sulphate

C (h) J{dQ/dtJ
(mJ)

Omg 20 mg 2.98 446.03
(0.18) (74.37)

20 mg 20 mg 5.73 1520.30
(0.46) (183.87)

40 mg 20 mg 7.47 2159.00
(0.67) (130.00)

80 mg 20 mg 12.60 3319.50
(1.35) (181.90)

(n==6, ± sd)

* Where the crystallisation peak was superimposed by endotherms relating to the release of adsorbed 

moisture, the time to the primarj' maximum was taken

Table 3.19 Effect of addition of spray dried amorphous lactose to ampoules containing 20 mg 
spray dried salbutamol sulphate on microcalorimeter signal at 85 %RH
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lictes* : drug 
No loototo
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5 0 0
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A double wetting peak was seen which may have obscurred any glass transition signal for salbutamol 
sulphate or lactose

Figure 3.28 Effect of addition of spray dried amorphous lactose to ampoules containing 20 mg 

spray dried salbutamol sulphate on crystallisation peak time and shape at 85 %RH
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The TAM profile for lactose is very similar to that of salbutamol sulphate (Figure 3.29). 

The derived microcalorimeter profiles for the lactosersalbutamol sulphate mixes are 

slightly different (Figure 3.28), as they show two wetting peaks and a single 

crystallisation peak, which seems to indicate spontaneous co-operative crystallisation of 

both the amorphous lactose and amorphous salbutamol sulphate. However, the 

crystallisation peak was disrupted by several sharp endotherms mid-peak probably 

relating to the release of absorbed moisture from the lactose and the salbutamol sulphate 

similar to the sample crystallised using 65 %RH (Figure 3.10). In this case, the seemingly 

co-operative mechanism of crystallisation could be, according to Buckton and Darcy 

(1995b), explained by the immediate availability of water vapour as a result of the upper 

lactose layer becoming saturated with water vapour and crystallising releasing absorbed 

water to the lower layer causing it too to crystallise immediately. The two amorphous to 

crystalline conversions occur so rapidly that the equipment is unable to resolve the two 

exotherms and what is observed is the shift in the position of the endothermie desorption 

of water.

No significant differences were seen in the crystallisation enthalpy (J {dQ/dt^}) when the 

samples were taken from tumbled physical mixes of amorphous drug and crystalline 

carrier. This indicates that the efficiency of mixing was good (i.e., equal amounts of 

amorphous material crystallised in each of the sampled 20 mg quantities). Previous work 

by Chawla (1993) showed, using an analytical method, that efficient mixing was 

achieved using this mixing regime.
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600 ~i

400 -

^  200 -

-100
640.0 2

Time (h)

Figure 3,29 Typical TAM profile fo r spray dried lactose

Key to transitions:

I: Wetting peak

II: Re~ciystallisation peak

III: Muta-rotation o f a -  anhydrous to p -  monohydrate form

(Sebhatu et aL, 1994a)
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3.7 Conclusions

Moisture content will affect the agglomeration tendency, flow properties, physical 

stability and aerosolisation of powders and thus should be strictly controlled in dry 

powder aerosol powder mixes. The work described in this chapter has shown that DSC 

and isothermal microcalorimetry provide the means of studying the effects of water 

interactions with powders intended for inhalation. The following conclusions will be of 

particular use in the design of subsequent processing of the primary aerosol particles, 

produced by spray drying, in chapter 4;

- The microcalorimeter has detected that the trend in moisture contents of batches 

produced using different spray drying conditions and collected from two yield locations 

is related to their subsequent physical stability at elevated equilibrium relative humidity.

- Microcalorimetry proved of greater use than DSC in detecting subtle differences 

between samples and could thus be used as a quality control instrument for detecting 

batch to batch variation in residual moisture content and related physical stability of the 

amorphous form. In the future, it may be possible to establish a correlation between 

TAM response and the performance of this material in DPI formulations. In addition, the 

microcalorimeter’s four fold greater sensitivity over scanning instruments allows the 

precise calculation of an apparent specific enthalpy of crystallisation and the 

quantification of small amounts of amorphous surface regions produced by mechanical 

activation, e.g., micronisation.

- DSC in conjunction with isothermal microcalorimetry provides the means of locating 

the position of the narrow temperature range over which a reversible phase transition 

occurs between the amorphous "glass" state and the more liquid like "rubber" state prior 

to crystallisation, i.e., glass transition. More importantly, this work provides information 

about the processing conditions which will result in an irreversible loss of primary 

particle integrity by fusion. The results show that pre-equilibration humidities of < 59 

%RH will supply the moisture required for agglomeration purposes without the loss of 

the primary particles’ “respirable” dimensions. However, pre-storage at 59 %RH
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produced a partially crystalline species, contrary to the co-operative crystallisation 

theory, but alluding to the significant amount of molecular mobility below the glass 

transition temperature (Tg).

- Adding and physically mixing crystalline lactose with spray dried amorphous 

salbutamol sulphate did not seem to affect the physical stability of the drug but did 

change the shape of the crystallisation peak. To extend the time to crystallisation the 

amorphous content was increased by adding spray dried lactose. A single exothermic 

crystallisation peak resulted due to the con-current crystallisation of both amorphous 

materials but this peak was clearly superimposed by endothermie water desorption.

- As the reproducibility of microcalorimeter results for the physical mixes of amorphous 

salbutamol sulphate and crystalline carrier was an indication of good mixing efficiency, 

microcalorimetry could be an alternative to conventional analytical measurements in 

determining uniformity of mixing, if there exists complications in the normal 

spectroscopic analytical procedure.

- The use of the DSC is limited by the fact that drier samples did not exhibit a Tg or Tg 

but gave an irreproducible complex array of multiple peaks at an elevated temperature 

(~ 180 °C) thought to be associated with water loss, melting and decomposition.
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Chapter 4 Aerosol deposition sttidies

4.1 Introduction

In the previous chapters it has been demonstrated that it is possible to produce salbutamol 

sulphate particles of small dimension by spray drying. In addition, the environmental 

conditions which will lead to the loss of this fine size by fusion, due to solid state 

transitions and crystallisation, have been established. The work presented in this chapter 

is aimed at evaluating the spray dried material in terms of its intended use as a 

component of dry powder aerosol formulations compared to conventionally micronised 

salbutamol sulphate. The tendency of the spray dried material to aggregate with larger 

particles of carrier lactose, and the aerosolisation and deposition characteristics of 

formulations produced with spray dried drug, with and without carrier lactose, is 

investigated using standard pharmacopoeial testing methods.

The evaluation of a novel aerosol therapy involves primarily in vitro and occasionally 

in vivo determinations of drug deposition prior to clinical studies of efficacy.

4.1.1 In vitro deposition studies

Aerosol clouds are characterised in vitro by a variety of aerodynamic and non- 

aerodynamic methods. These include; microscopy, inertial impaction, phase Doppler 

anemometry, aerodynamic time of flight, laser holography, and laser diffraction plume 

analysis methods. Direct comparison of particle size data generated by these methods, 

however, is not possible due to the different measurement principles employed.

Aerodynamic size fractionation by inertial impaction, output of active compound, and 

the intra and inter device variation of these parameters are the principal ways in which 

aerosol formulation-device combinations can be characterised in vitro. Determination 

of these values allows prediction of the dose of drug likely to be delivered to the required 

site and, thus, the inferred therapeutic efficacy and safety of the formulation.

4.1.1.1 Inertial impaction

The respiratory tract is a tortuous airway which can be thought of as an aerodynamic 

classifying system for airborne particulates. Inertial methods reasonably simulate the
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fractionating characteristics of the human lung and thus are used to determine the extent 

of deep lung deposition of pharmaceutical aerosols. This application originates from their 

use in the realm of industrial hygiene to monitor fine particulate exposure in the work 

place. This original application explains the low operational flow rates for which 

calibration data exists for certain impactors (Table 4.1), e.g., one cubic foot per minute 

(28.3 Lmin'^) for the Andersen impactor (Graseby-Andersen Inc., Atlanta, GA, USA). 

The data generated allows prediction of an aerosol cloud’s probability of lower lung 

penetration and also the study of the behaviour of airborne particles in turbulent 

airstreams.

Cascade impaction is an inertial technique routinely used in pharmaceutical aerosol 

science for formulation screening. Its use extends to the collation of stability data 

particularly when potentially unstable aerosol systems are involved, e.g., flocculating 

suspensions or diy powder aggregates. In this chapter, three different inertial impactors, 

featured in proposals for future compendial standards and widely used in aerosol 

research, are employed to evaluate different dry powder aerosol systems delivered from 

a widely used low resistance DPI device, the Rotahaler® (Glaxo).

Cascade impactors work on the principle that if a particle is travelling in an airstream it 

will impact onto a plate placed in its path if its inertia is sufficient to resist the forces 

which will oblige it to remain airborne. As the airstream velocity increases, by 

acceleration through narrow air jets or variation in airstream direction, particles of 

decreasing diameter impact onto successive stages. In this way, the impactor achieves 

size classification. Therefore, it is an analytical technique yielding a wealth of 

aerodynamic particle size distribution data about a delivered aerosol cloud. The most 

sophisticated methods provide information on: the emitted dose; fine particle dose; and 

for log-normally distributed aerosols, mass median aerodynamic diameter (MMAD) and 

geometric standard deviation (GSD).

150



Chapter 4 Aerosol deposition studies

Table 4,1 Inertial impaction devices used to aerodynamically characterise 

aerosol clouds

Name of impactor Calibrated operational 

flow rate (Lmin‘‘)

Number of 

fractionating stages*

Andersen Mark I/n ACFM 

Cascade Inqiactor 

(Graseby-Andersen Inc., GA, USA)

28.3"

(60.0)

9

Multistage Liquid Impinger - MSLI 

(AB Draco, Sweden)

60.0

(30.0,40.0, 50.0, 60.0, 

80.0 and 100.0)=

4/5*

Twin Impinger - TI 

(Copley Instruments, UK)

60.0 2

Marple-Miller Impactor* 

(MSP Corp., MN, USA)

30.0

60.0

5

Pilat Mark-3 Impactor 

(Pollution Control Systems Corp., 

USA)

40.0

60.0 

80.0

5

Cassella Cascade Impactor 

(C.F. Cassell and Co., London)

17.5 4

DCI-6

(Deiron, Powell, OH, USA)

12.5 6

Kirk's apparatus 16.0 N/A

SSE sampler 35.0 N/A

* Not inclusive of any pre-separating “throat” attachment

* 28.3 Lmin ' is the only flow rate recommended by the manufacturer

* The new version of this impactor incorporates a fifth stage and is calibrated at a variety of additional 

operational flow rates

* This in^actor exists as two models for the two operational flow rates 

N/A - Not applicable
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Inertial impaction is thought to be the most representative in vitro measurement method 

correlating to the in vivo situation (Milosovich, 1992). A variety of impaction methods 

are available for aerosol characterisation (Table 4.1). The choice of impactor to be used 

in a particular study is influenced by its conformity to the ideal impactor characteristics 

listed in table 4.2. The type of impactor used varies considerably between laboratories 

and the results obtained can change from impactor to impactor and also from operator 

to operator (Hickey, 1992; Olsson et al., 1996).

Table 4,2 Desirable features o f an ideal impaction system fo r  characterising 

pharmaceutical aerosol systems

• A measurement principle which is rigorously understood allowing appropriate 

interpretation of results and error analysis

• Analysis of fractions distinguishes drug from other components in the 

formulation

• Representative of the clinical situation - total sampling at simulated mouth

- includes a “throat” pre-separator

- used at a clinically achievable 

flow rate(s)

• Provides extensive particle size distribution information which is precise and 

reproducible with appropriate resolution of the fine particle fraction

• Simple to construct and use. Sufficiently robust to allow fast determinations.

• Versatile - can be used with all inhalation formulation and drug types

• Calibrated at a variety of operational flow rates for assessment of DPIs of 

different intrinsic device resistance

• Sensitive enough to pick up variation between formulations which can induce a 

clinically relevant difference in pharmacological response

• Approved by the relevant pharmacopoeia

• Affordable
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4.1.1.2 Advantages and limitations of using cascade impactors 

There are various advantages of using inertial methods in determining a formulation's 

deposition characteristics over other aerodynamic and non-aerodynamic methods. The 

total sampling of delivered aerosol cloud reduces sampling errors, providing the aerosol 

cloud is presented in a consistent manner, i.e., the positioning and dimensions of any 

induction port or pre-separating “throat” is constant. The determination of total emitted 

dose is made possible by reconciliation of the amounts of active on each impaction stage 

and is a useful quality control measurement analogous to that of uniformity of content 

for solid dosage forms. Furthermore, the chemical analysis of fractions gives the particle 

size distribution of drug associated particles and allows the simultaneous evaluation of 

two separate chemical entities in combination aerosols. The inability to do this, is the 

major disadvantage of other commonly used methods of characterisation; e.g., 

aerodynamic time of flight analysers, like the Aerosizer® (API Inc., Hadley, MA, USA) 

and laser diffraction equipment, such as the Malvern 2600c (Malvern Ltd., UK) particle 

size analysers.

Impactors vary greatly in their durability, labour intensiveness, and most importantly, the 

amount of particle size distribution information that can be obtained. The three inertial 

methods used in this study; the Andersen Mark II cascade impactor (Graseby-Andersen 

Inc., Atlanta, GA, USA, Figure 4.1), the multistage liquid impinger (MSLI, AB Draco, 

Sweden. Figure 4.2), and the twin impinger (TI, Copley Instruments, UK, Figure 4.3), 

are amongst the most commonly used inertial impactors used to characterise 

pharmaceutical aerosols and feature in the recent pharmacopoeial proposals for in vitro 

aerosol assessment (Inhalanda, 1993; Byron et al., 1994).

The Andersen cascade impactor is the most labour intensive but also the most physically 

robust of these methods (Holzner and Müller, 1995). It consists of eight stainless steel 

stages, a pre-separating “throat” and a terminal glass fibre filter. The MSLI and TI have 

the disadvantage of being composed of glass and thus greater care is required in their use. 

The four stage MSLI and the Andersen have to be completely dismantled for sampling.
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limiting the number of determinations carried out in a day. Newer impactor models, e.g.,. 
the Marple-Miller impactor, have component parts which are permanently assembled 

allowing easy removal of the collection cups containing impacted active ingredient for 

sampling, washing and reassembly.

B
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Figure 4,1 The Andersen Mark II cascade impactor (Graseby-Andersen Inc,, 

Atlanta, GA, USA), A  - the outer appearance o f the assembled impactor, 

and B - the direction o f airflow around the impaction plates
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Figure 4,2 The multistage liquid impinger (MSLI, AB Draco, Sweden)
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Figure 4.3 The twin impinger (TI, Copley Instruments, UK)

155



Chapter 4_________  Aerosol deposition studies

The Andersen cascade impactor gives the most comprehensive size distribution data of 

the three methods. The multistage liquid impinger (MSLI - 4 stage) gives a cruder 

estimate of aerodynamic parameters from a simple distribution with little fractionation 

at the smaller size ranges (< 6.8 pm) at 60.0 Lmin'\ For this reason, a fifth stage has been 

incorporated in a new version of the MSLI. The fifth stage of the new MSLI is now of 

a realistic small effective cut-off diameter (BCD) at five calibrated flow rates. The twin 

impinger (TI) only gives the percentage of aerosolised particles below a certain cut-off 

diameter (6.4 pm). This large cut-off diameter of the TFs stage II can "flatter" estimates 

of fine particle dose (FPD) and gives little indication of the central to peripheral lung 

deposition ratio. Despite the problems associated with in vitro-in vivo correlation, 

previous studies have found the TI to be a useful and convenient characterisation method 

(Hoitzner and Müller, 1994). Where comprehensive size distribution data is not 

necessary, quick determinations using the TI may be sufficient to reveal relevant sample 

differences.

4.1.1.3 Particle entrainment from impaction stages

The deposition pattern obtained on the impaction plates at flow rates higher than

28.3 Lmin ̂  through the Andersen impactor, e.g., 60.0 Lmin^, is described as a “halo” 

formation. This is due to the Reynolds number, which characterises the nature of the air 

flow of the fractionating air jets, being too high. This may compromise the accuracy of 

the results by affecting the steepness of the calibration collection efficiency curves for 

the impactor (Figure 4.4, Vaughan, 1989). In such cases, it is suggested that lower flow 

rates and/or a shorter duration of sampling is adopted (Lodge and Chan, 1986). It is also 

recommended that impactor stages are coated with a thin film of an adhesive substrate 

to minimise the effects of particle “bounce-off’, re-entrainment and the inter-stage wall 

losses thought to induce erroneous results. Additionally, care should be taken not to 

overload the impaction plates with impacted particles as the impaction distances and 

plate surfaces may change (Vaughan, 1989; Hickey, 1990).
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Figure 4,4 Theoretical and experimentally determined collection efficiency curves 

fo r the stages o f the Andersen Mark II cascade impactor (taken from  

Vaughan, 1989)

Coating impaction stages with an adhesive substrate is recommended in the new USP 

proposals for in vitro aerosol testing (Byron et al., 1994). The preferred substances for 

use with the Andersen cascade impactor quoted in the proposal are glycerol and silicone 

fluid. In previous studies with dry stage impactors, other substances have been used to 

coat the plates, these include; span 85 (sorbitan trioleate)(Holzner and Müller, 1995), 

80/20 semi-solid mixtures of soft paraffin and liquid paraffin (Hallworth and Andrews, 

1976), and a mixture of polyethylene glycol and polysorbate (Zanen et al., 1992). Hickey 

(1990), recommended coating the Andersen plates with a thin film of silicone fluid and 

this substance was used in the work presented in this chapter as it did not interfere with 

the analytical method used to quantify drug deposition.

Large particles impact on the centre of stages and smaller particles towards the perimeter.
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If particle entrainment occurs this configuration may be reversed, and as the measured 

distribution is calculated according to mass rather than number, it could have a serious 

effect on the measured overall size distribution. The main advantage of wet stage 

devices, such as the MSLI and TI, are that they are less prone to errors induced by 

particle entrainment associated with dry impaction systems like the Andersen. In 

addition, hygroscopic particle growth due to the humid environment provided by the wet 

stages will be closer to the real lung conditions. The actual fluctuations in temperature 

and relative humidity occurring in the lung, as previously mentioned in chapter 1, can 

have dramatic effects on the extent of hygroscopic growth and, thus, in vitro studies 

cannot simply be extrapolated to the in vivo situation.

4.1.2 Pharmacopoeial testing standards for pharmaceutical aerosols

Standardisation of the in vitro testing procedures for DPIs is in progress. Modification 

of these methods is needed as they were originally developed for MDIs (Hugoson et al., 

1993). The regulatory authorities wish to harmonise QC and research practices without 

stifling the development of new preparations. The following tests are considered most 

indicative of efficacy in aerosol research, and have been the focus of much debate with 

respect to precise methodology in the proposed pharmacopoeial monographs: the average 

content of active in an emitted dose expressed as a percentage of the label claim; the 

average content of fine particles in an emitted dose; and the variability associated with 

these sets of results.

New compendial methods are likely to stipulate strict conditions for testing 

pharmaceutical aerosols and this will include standard entry conditions into impactors, 

flow rates, rise time characteristics (i.e., the nature of flow at the start of a run), and run 

duration. The Andersen impactor is only recommended by its manufacturer to be used 

at the volumetric flow rate at which it is calibrated, i.e, 28.3 Lmin"\ However, as there 

is a connection between the extent of deaggregation and the inspiratory effort, a realistic 

flow rate should be used in impaction studies, which is attainable clinically and 

adequately induces aerosolisation and deagglomeration of the powder (Zanen et al..
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1992). For DPIs of low resistance, such as the Rotahaler® (Glaxo) used in this work, 

with a specific resistance (Rg) of 0.04 (cmHgO)^^^ min'\ it is recommended that a flow 

rate z 60.0 Lmin'^ is used (Clark, 1994). The intrinsic device resistances of other 

commonly used DPIs and the recommended impactor flow rates used for characterising 

their delivery efficiency are listed in table 1.3 (Chapter 1). Ideally, inertial impactors 

should be able to test DPIs at flow rates of 30-100 Lmin  ̂(0.5-1.67 Ls'^) for inhalers of 

resistance 38-126 Pâ ŝL"̂  (0.06-0.21 cmHgO^L'^min'^)(01sson, 1996). Ambiguity exists 

in inhalation literature as to what is meant by the quoted test flow rate. In some studies, 

this is calibrated or set without the presence of the DPI in the system. In others, as in the 

work presented in this chapter, an effective flow rate is measured with the DPI in series.

Run duration is recommended as being that which allows 4 L of air to be drawn through 

the device (Byron et al., 1994). In this study, a much larger volume has been sampled 

(28.3 and 60.0 L) giving the formulation a greater opportunity to aerosolise and reveal 

differences between batches.

4.1.2.1 "Throat" pre-separator and induction port

Entry conditions will be stringently defined in the new compendial methods for testing 

pharmaceutical aerosols and it is hoped that there will be a harmonisation of the 

requirements across the different pharmacopoeias. In humans, there is a sharp ~ 90° bend 

at the pharynx followed by a narrow opening to the trachea at the larynx (Gonda, 1988). 

Previous impaction studies have endeavoured to simulate real oropharynx conditions by 

fashioning anatomically accurate "throat” adaptors by investigation of the upper airway 

geometry of asthmatic patients (Martin et al., 1988; Niven et al., 1994). The USP "throat” 

recommended by the pharmacopoeial proposals (Byron et al., 1994) is made of stainless 

steel of narrow dimensions. Results for FPD measured using these USP entry conditions 

has shown better agreement with in vivo estimates of deep lung deposition than the 

modified glass round bottom flasks used as pre-separators with many of the impactors 

to date (Ganderton, 1996). The pre-separator and the induction port to which it is 

attached, are designed to remove large particle aggregates from the sampled aerosol
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cloud and, thus, reduce the incidence of particle overloading of impaction stages. 

Particles of k 20 pm aerodynamic diameter are assumed to be removed by the pre

separators used in conjunction with the impactors employed in this chapter (Hallworth 

and Westmoreland, 1987). In this study, the pre-separator used with the Andersen was 

a right angled plastic tube of similar dimensions to the glass pre-separators used with the 

twin impinger and the multistage liquid impinger.

One of the aims of medicinal aerosol formulation is to limit impaction of particles in the 

oropharyngeal region for two reasons. Firstly, to maximise the amount of drug available 

for lower lung deposition and, secondly, to reduce adverse effects associated with throat 

deposition. For example, oropharyngeal deposition of corticosteroids can cause oral 

candidiasis and dysphonia (hoarseness) (Gonda, 1988)

4.1.3 Data analysis

Aerosols have traditionally been characterised by mass median aerodynamic diameter 

(MMAD) and geometric standard deviation (GSD). However, this type of 

characterisation is only appropriate for log-normal aerosol distributions and so the 

percentage less than a certain cut-off diameter or lower stage impaction amounts can be 

more meaningful, especially where bimodal distributions are being characterised. In this 

chapter, the MMAD and the GSD were calculated with reference to the total amount of 

drug aerosolised, i.e., the 100 % point on the log-probability plot refers to the total 

amount of drug which has been delivered by the device and, thus, includes that portion 

of the dose which has impacted on the mouthpiece adaptor and "throat". Zanen et al. 

(1992) also calculated MMAD and GSD in the way presented in this chapter to 

characterise the whole aerosolised fraction. In general, however, the 100 % point is taken 

as that amount which impacts only on the stages of the impactor and, thus, estimates of 

MMAD in the literature tend to be much smaller than those given in this chapter.

The amount of drug impacting on the lower stages of an impactor is at times taken as the 

fine particle dose (FPD), and although inaccurate, it gives an indication of the likely 

lower lung dose. There is ambiguity, however, in what is quoted as the FPD in the
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literature, with the corresponding arbitrary cut-off diameter cited as being anywhere in 

the range of 4 to 7 pm, if given at all. This can lead to confusion in the interpretation of 

aerosol deposition data. Compendial guidelines as to what constitutes a FPD or how it 

is measured have yet to emerge.

Many fines (< 0.5 pm) have sufficient airborne stability to be immediately exhaled, 

having insufficient time to sediment under the influence of gravitational force. Particles 

of this size deposit by Brownian diffusion in the lower lung. For this reason in some 

studies, the fraction of particles in the 0.5 pm range and below was subtracted from the 

fine particle fraction value determined by inertial impactors. This subtraction is no longer 

recommended. For example, when using the Cassella impactor the final stage 

corresponds to particles of < 0.7 pm aerodynamic diameter and, thus, the fine particle 

fraction has been taken as that proportion of the nominal dose which impacts in stages 

2 and 3 relating to the size range 0.7 to 7.0 pm (Perrett, 1993).

The effective cut-off diameter (ECD) of each stage of an impactor represents the size at 

which 50 % of the particles are retained. It follows, therefore, that on each stage there 

will be particles with larger and smaller diameters than the ECD. The relative amounts 

of these two populations depends on the steepness of the collection efficiency curve for 

that stage (Figure 4.4). The slight error that this phenomenon induces on the 

measurement of FPD can be corrected for by application of the ACGIH respirable mass 

standard, described in section 4.3.5.1.

4.1.4 Treatment of primary aerosol particles

Aggregation of a carrier-free terbutaline dry powder formulation has been achieved in 

the commercially available Turbuhaler® (Astra) inhaler. However, an ordered mix of 

cohesive “respirable” drug and larger inert carrier particles is the most common type of 

presentation encountered in dry powder inhalers (DPIs). Inclusion of a carrier in DPI 

formulations is thought to be of benefit in: preventing aggregation; facilitating the 

production of an ordered mix; inhibiting segregation on handling and storage; and 

enhancing the flow properties of the powder mix (2 ^en  et al., 1992). The nature of the

161



Chapter 4  Aerosol deposition studies

drug and carrier surfaces, their relative sizes, and the ratio in which they are mixed is 

known to influence critical aerosol parameters (Ganderton and Kassem, 1992). The 

reversible nature of drug-carrier aggregation on aerosolisation at clinically attainable 

flow rates is important as subtherapeutic quantities of drug particles of a size suitable for 

deep lung deposition will result from inadequate dissociation.

To achieve the temporary aggregates capable of disassociating easily into primary 

particles a number of aggregating processes have been proposed (Bell, 1975): drum 

pelletisation; controlled agglomeration by fluidisation or spray drying; agitation or 

tumbling. All these processes may require pre-treatment of the drug to render the 

particles self-agglomerating. This can be achieved by pre-storage at elevated relative 

humidity or the addition of binding excipients and solvents. Kassem et al. (1991) found 

that the type of solvent used and the ratio of solvent to drug has a dramatic effect on the 

FPD.

4.1.5 In vivo deposition studies

In vivo studies can provide a more realistic evaluation of a formulation’s deposition 

characteristics. However, these studies are not usually carried out on aerosol 

formulations as they are not required by the regulatory authorities for product licensing 

and are time consuming and costly. In addition, it can be argued that the methods used 

to assess drug deposition in vivo, such as radio tracer techniques using ^Tc-labelled 

drug and 2-dimensional gamma cameras, are of limited resolution and invariably involve 

the adulteration of the formulation to be aerosolised. This may modify the deposition 

pattern and give erroneous results. Recently, however, multiple-modality imaging has 

allowed 3-dimensional images to be obtained, which allow better determination of 

regional lung deposition (Fleming et al., 1995).
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4.1.6 Aims

The specific aims of the work presented in this chapter are outlined below.

-To investigate the variation between samples of micronised and spray dried salbutamol 

sulphate by employing three commonly used inertial impaction methods recommended 

by the latest proposals for pharmacopoeial testing.

-To determine the effects on dependent aerosol parameters of using a low and high 

volumetric flow rate with the Andersen Mark II cascade impactor, fitted with coated and 

uncoated plates.

-To study the effect of mixing two different forms of salbutamol sulphate with carrier 

lactose of various sizes under different relative humidities found, in chapter 3, not to 

induce particle fusion.

-To present the data in a number of different ways and to study the trends and statistical 

differences calculated.
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4.2 Materials

Micronised Salbutamol Sulphate BP

Batch no. 910119

(Referred to in the text as Batch X)

(Industrie Chimie Farmaceutriche Italiane, ICFI, Italy.)

Micronised Salbutamol Sulphate BP

Batch no. WC24648

(Referred to in the text as Batch Y)

(Glaxo, UK)

Pharmatose® 80M 

a-lactose monohydrate (96%)

Batch no. 021342

(De Melkindustri Veghel International, The Netherlands)

Pharmatose® 200M 

a-lactose monohydrate (96%)

Batch no. 024341

(De Melkindustri Veghel International, The Netherlands)

Pharmatose® 45 OM 

a-lactose monohydrate (96%)

Batch no. 10127

(De Melkindustri Veghel International, The Netherlands)

Deionised water, pH approx. 5.0 from a Whatman WR50 RO deioniser (Whatman, UK)
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4.3 Methods

4.3.1 Metering o f dose and priming o f device

The device (Rotahaler®, Glaxo, UK, Figure 1.1) was primed by loading a filled hard 

gelatin capsule (size 3) into the inhaler and twisting to separate the upper and lower 

sections exposing the formulation. Each capsule was filled accurately, by weight, with 

a powder mix containing 4.0 mg (± 0.2 mg) of active ingredient, salbutamol sulphate, or 

4.0 mg (± 0.05 mg) of active when carrier was present in the formulation.

4.3.2 The Andersen Mark I I  cascade impactor

The Andersen impactor, also known as the multistage cascade impactor (USP23 

apparatus 1 and BP apparatus D), was assembled according to figure 4.1 and care was 

taken to ensure that the system was upright and airtight before use. For experiments 

carried out using a 60.0 Lmin'  ̂flow rate, the impaction plates were pre-coated with a thin 

layer of adhesive (2 drops of 50 cs silicone fluid, Dow Coming, USA). The device 

adaptor, termed the “mouthpiece” in this study, was positioned at the end of the “throat” 

pre-separator, ensuring the alignment and centering of the DPI along the horizontal axis. 

A vacuum pump was connected to the outlet of the lower stage and the volumetric flow 

rate of 28.3 or 60.0 Lmin'  ̂was set with the unprimed DPI (Rotahaler®, Glaxo) in place.

The device was primed and the vacuum pump switched on for a 60 s time period. 

Ambient gas and entrained particles entered the inlet cone via the pre-separating “throat” 

attachment. The carrier gas and particles cascaded through successive orifice stages 

(stage 0 to 7) with increasing velocity. Particles of decreasing aerodynamic diameter 

were inertially classified by impaction onto the collection plates situated beneath the 

orifice stages. Particles less than 0.4 pm diameter impacted onto the terminal glass fibre 

filter. This procedure was repeated to give a total of ten or five nominal doses of 

formulation for the two operational flow rates (28.3 or 60.0 Lmin’̂ ) respectively.

The apparatus was dismantled and each impaction plate and the terminal filter placed 

carefully into labelled petri dishes. The impacted sample was rinsed off each plate with 

deionised water and made up to the appropriate volume in a volumetric flask (Table 4.3).
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Table 4.3 Operating conditions fo r the Andersen cascade impactor with

corresponding effective cut-off diameters and assay volumes

Volumetric 
flow rate

28.3 Lmin ' 60.0 Lmin'

Stage ECD (fim) Volume (mL) ECD (pm) Volume (mL)

Device - 500 - 500

Mouth - 50 - 50

Throat - 50 20.0 100

0 10.0 25 6.2 50

1 9.0 25 4.0 25

2 5.8 25 3.2 25

3 4.7 10 2.3 25

4 3.3 10 1.4 10

5 2.1 10 0.76 10

6 1.1 10 0.45 10

7 0.65 10 0.30 10

Filter 0.43 10 0.00* 10

WaU
losses

- 250 - 250

* At 60.0 Lmin’̂  the filter stage is assumed to have 100 % collection efficiency and at

28.3 Lmin'^ this stage is given a cut-off diameter of 0.43 pm. This is due to the fact that 

the quoted ECD values at 28.3 Lmin  ̂are manufacturer calibrated values whereas those 

at 60.0 Lmin'^ were determined independently by external collaborators and supplied for 

in-house use. Similar but not identical cut-off limits were used in another study using the 

Andersen at 60.0 Lmin by Vidgren et al., 1987.
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The plates which had been coated with silicone fluid were placed on top of a vortex 

mixer (Fisons Instruments, UK) to promote dissolution of drug into the solvent. The filter 

sample was passed through a 0.45 pm cellulose acetate filter (Gelman Sciences, UK) to 

remove shedded fibres. The amount of salbutamol sulphate in each fraction was 

determined by UV analysis at 274 nm (Perkin Elmer 554 UV-VIS spectrophotometer, 

Perkin Elmer, UK) and expressed as the percentage of total amount of drug detected. The 

inside of the “throat” pre-separator, the mouth-piece and the device (including the empty 

capsules) were rinsed with deionised water and made up to their respective appropriate 

volumes (Table 4.3). The lactose carrier used was found not to significantly interfere 

with the analytical method used to determine the amount of drug. Percentage wall loss, 

which would not normally be analysed, was determined. The resultant data was analysed, 

treated and expressed as described in the data analysis section 4.3.5.

4 3 3  The multistage liquid impinger

The multistage liquid impinger (MSLI), also known as the Astra Draco impinger 

(apparatus C, EP), was assembled according to figure 4.2 having placed a 76 mm glass 

fibre filter in the final stage. A modified glass 50 mL round bottom flask which acts as 

the "throat" adapter was positioned on top of the impinger and a moulded airtight 

mouthpiece suitable for the Rotahaler* (Glaxo, UK) was attached. Deionised water (20 

mL) was dispensed into each of the three stages via the sampling ports which were then 

sealed with rubber bungs. The outlet was attached to a vacuum pump and the flow rate 

was set for 60.0 ± 0.5 Lmin '.  The primed device was positioned in the adaptor and the 

flow rate switched on for a period of 60 s. The procedure was repeated until the contents 

of a total of five capsules had been delivered.

The glass "throat" pre-separator, mouthpiece adapter and device (including empty 

capsules) were rinsed with aliquots of deionised water and made up to their appropriate 

volumes (Table 4.4). The 20 mL of solvent from each stage was extracted with a Pasteur 

pipette via the sampling ports and placed into separate volumetric flasks. The impinger's 

restraining bolts were removed allowing the rinsing of the inner surfaces of the glass 

walls and connecting tubes. Care was taken not to inadvertedly transfer liquid to the next
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stage. These washings were added to the respective volumetric flasks and made up to 

volume. The glass fibre filter was removed and rinsed along with its proximal inlet tube. 

The washings were made up to volume and then passed through a 0.45 pm cellulose 

acetate filter. The quantity of active ingredient in each fraction was determined by the 

spectroscopic method at 274 nm described in section 4.3.2. The data was treated 

according to the data analysis section 4.3.5.

4.3,4 The twin impinger

This impinger is also known as apparatus A (BP or EP) or single stage impactor no. 3 

(USP). The upper and lower impingement stages of the TI were filled with 7 mL and 

30 mL of deionised water respectively. All the component parts were assembled 

according to figure 4.3 ensuring that the assembly was vertical and adequately supported 

so that the seals did not leak and that the jet spacer peg of the lower jet assembly just 

touched the bottom of the lower impingement chamber. A vacuum pump was attached 

to the outlet of the lower stage and an air flow rate of 60.0 ± 0.5 Lmin was set by 

measurement at the inlet to the “throat” pre-separator. The glass pre-separator used with 

the MSLI was also used with the TI.

Washings were taken from the device, mouthpiece, pre-separator, stage I, and stage II, 

and made up to the volumes stated in table 4.5. The quantity of active ingredient in each 

volumetric flask was determined by a spectroscopic method at 274 nm as described in 

section 4.3.2. The data was treated according to the data analysis method below. An air 

flow rate of 60 Lmin'  ̂gave the lower impingement chamber, known as stage II, a mean 

effective cut-off diameter of 6.4 pm. The upper chamber, stage I, collects particles of 

aerodynamic diameter > 6.4 pm.

As the flow rate through the impactors was not monitored during the run it was assumed 

that no gas leaks occurred during sampling and that a constant flow rate was maintained. 

All determinations were performed under ambient temperature and humidity conditions 

(21-24 °C and 35-60 %RH).
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Table 4,4 Multistage liquid impinger (MSLI) effective cut-off diameters and 

assay volumes

Volumetric flow rate 60.0 Lmin’̂

Stage ECD (pm) Volume (mL)

Device - 250

Mouth - 50

Throat 20.0 100

1 13.0 50

2 6.8 50

3 3.1 50

Filter - 10

Table 4,5 Twin impinger (TI) effective cut-off diameters and assay volumes

Volumetric flow rate 60.0 Lmin ^

Stage ECD (pm) Volume (mL)

Device - 250

Mouth - 50

Throat 20.0 100

Upper (Stage I) 6.4 50

Lower (Stage II) ^6.4 50
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4,3,5 Analysis o f data

The amount of drug in each fraction was expressed as a % of the total amount of drug 

detected in each impaction run.

The % device retention was calculated as being that percentage of the total amount of 

drug detected which had remained in the DPI. This included washings from the “empty” 

capsules.

The % oropharyngeal deposition was the amount of active ingredient in the “throat” 

pre-separator and mouthpiece expressed as a percentage of the total detected.

The % fine particle dose (FPD) was calculated in two ways depending on the impactor 

used. For the TI this was taken directly from the deposition data as the percentage of 

the total amount of active detected impacting on stage II of the TI. This relates to aerosol 

particles of aerodynamic diameter less than or equal to the mean ECD of that stage, i.e.,

6.4 pm. Results generated by the Andersen and the MSLI were plotted as a log-normal 

probability curve. This was constructed manually on three-cycle log-probability paper 

by plotting the accumulated mass of active ingredient on each stage (including the 

"throat" and mouthpiece) against the ECD for that stage. From this plot the following 

were extracted and termed the % fine particle dose (FPD): % of the total amount of drug 

detected ^ 6.4 pm; and % of the total amount of drug detected ^ 5.0 pm. For the 

purposes of graphical representation in this thesis, the percentage deposition on each 

stage was transformed into a probit value which facilitated the computer software 

generation of a simulated log-probability plot.

Mass median aerodynamic diameter (MMAD) was taken from the log-probability plot 

as the diameter below which 50 % of the total aerosolised dose was contained. The 

aerosolised dose included the drug which become deposited in the “throat” and the 

mouthpiece.

Geometric standard deviation (GSD) (upper and lower) was calculated from values 

taken from the log-probability plot.

GSD (upper) = Diameter below which 84.13 % of the particles lie / MMAD

GSD (lower) = MMAD / Diameter below which 15.87 % of the particles lie

The % wall loss was calculated only for the Andersen results and related to the

percentage of the total detected dose depositing in regions of the impactor other than the
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"throat" pre-separator, collection plates, and terminal filter.

The % respirable mass was calculated according to the method devised by the ACGIH 

outlined below.

4.3.5.1 Calculation of respirable mass

The average respirable fractions (ARF) for each of the stages of the inertial impactors 

used were calculated using the following equation according to the ACGIH respirable 

particulate mass criterion* (ACGIH, 1985). Respirable fraction (RF) values for effective 

cut-off diameters (ECD) and the mid-points of size ranges for each stage were extracted 

in this study from a cumulative log-normal distribution with a mass median diameter 

(MMD) of 3.5 pm and a geometric standard deviation (GSD) of 1.5 plotted on log- 

probability paper. It is assumed that this relates to a model “respirable” log-normal 

distribution. The equation used to calculate the ARF for a particular size range is based 

on Simpson’s rule (thought to be more accurate in this case than a trapezoid method). 

ARFs are constant for a given cascade impactor used at a constant flow rate (if the ECDs 

have been determined from collection efficiency curves at that operational 

condition)(Tables 4.6 to 4.9).

Eq. 6

ARF = [RFll + 4(RFmp) + RFuJ/6

where:
ARF - average respirable fraction 

RFll - respirable fraction for size range lower limit 

RF|^ - respirable fraction for size range mid-point 

RFul - respirable fraction for size range upper limit

The ARF value is multiplied by the percentage of drug depositing on the stage to obtain 

the % respirable mass for that stage. If the % respirable mass values are added together 

for all the stages, a total respirable mass value expressed as a percentage of the total 

amount of drug aerosolised is obtained (% RM). It is these summed % RM results which 

are presented in the results in this chapter.

*ACGIH Respirable mass criterion is a standard calculation taken from:

American Conference of Governmental Industrial Hygienists - Air sampling procedure committee (1985).
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Table 4.6 Average respirable fractions for the Andersen cascade impactor -  60.0 Lmin'^

Stage ECD (pm) Size range (pm) Mid-point of range (pm) Average respirable 
firaction (ARF)

Mouth >20.0 - - 0.0000

Throat 20.0 20.0 - >20.0 - 0.0000

0 62 62  - 20.0 13.1 0.0146

1 4.0 4.0 -6.2 5.1 0.1958

2 3.2 3.2 - 4.0 3.6 0,4850

3 2.3 2.3 -3.2 2.75 0.7258

4 1.4 1.4-2.3 1.85 0.9333

5 0.76 0.76-1.4 1.08 0.9963

6 0.45 0.45 - 0.605 0.605 1.0000

7 0.30 0.30 - 0.45 0.375 1.0000

Filter 0.00* 0.00 - 0.30 0.15 1.0000
* assuming 100 % collection efficiency for glass fibre filter

Table 4.7 Average respirable fractions for the Andersen cascade impactor-28.Lmin'^

Stage ECD (pm) Size range (pm) Mid-point of range (pm) Average respirable 
fi-action (ARF)

Mouth >10.0 - - 0.0000

Throat >10.0 - - 0.0000

0 10.0 10.0->10.0 - 0.0010

1 9.0 9.0 -10.0 9.5 0.0079

2 5.8 5.8 - 9.0 7.4 0.0428

3 4.7 4.7 - 5.8 5.25 0.1642

4 3.3 3.3 -4.7 4.0 0.3867

5 2.1 2.1 -3.3 2.7 0.7367

6 1.1 1.1-2.1 1.6 0.9664

7 0.65 0.65-1.1 0.88 0.9979

Filter 0.43 0.43 - 0.65 0.54 1.0000
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Table 4.8 Average respirable fractions for the multistage liquid impinger (MSLI)
-  60.0Lmin

Stage ECD (pm) Size range (pm) Mid-point of range (pm) Average respirable 
fi-action (ARF)

Mouth >20.0 - - 0.0000

Throat 20.0 20.0 - >20.0 - 0.0000

1 13.0 13.0-20.0 16.5 0.0000

2 6.8 6.8 - 13.0 9.9 0.0133

3 3.1 3.1 -6.8 4.95 0.2475

Filter 0.00 0.00-3.1 1.55 0.9237

Table 4.9 A verage respirable fractions for the twin impinger (TI) -60.0 Lmin'^

Stage ECD (pm) Size range (pm) Mid-point of range (pm) Average respirable 
firaction (ARF)

Mouth >20.0 - - 0.0000

Throat 20.0 20.0 - >20.0 - 0.0000

upper 6.4 6.4 - 20.0 13.2 0.0129

lower i  6.4 0.00* - 6.4 3.2 0.5925

* assuming 100 % collection efficiency of lower stage of twin impinger and glass fibre terminal filter of 
the MSLI
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4.4 Studies performed

4.4.1 The application of three different inertial impaction methods to study 

variations in samples of micronised and spray dried salhutamol sulphate

Salbutamol sulphate, 4 (± 0.2) mg per capsule, was delivered from a Rotahaler® (Glaxo, 

UK) into each of the three inertial impactors described above. All the impactors were run 

at 60.0 Lmin'^ (set with the DPI in series) for 1 min. Experiments carried out with the 

Andersen were done with dry and then with coated (2 drops of 50 cs silicone fluid, Dow 

Coming, USA) impaction plates. Any errors caused by not re-calibrating the Andersen, 

having coated the plates, are assumed to be negligible in this study. Four different 

samples of salbutamol sulphate were tested, two batches of micronised drug, from 

different sources (ICFI, Italy, MMD = 4.4 pm and Glaxo, UK, MMD = 5.6 pm) and two 

spray dried batches, produced under the same optimal conditions from a 60 °C feed 

solution (Batch I: 3.21 pm and Batch H: 3.60 pm). Mass median diameters (MMD) were 

established by laser Fraunhofer particle size analysis using a Malvern 2600c (Malvern 

Ltd, UK). Five capsules were used per run and five replicates performed.

4.4.2 The use of the Andersen Mark II cascade impactor at two operational flow 

rates to assess drug only dry powder inhaler formulations

The Andersen Mark II cascade impactor (Andersen Samplers, USA) was operated at the 

volumetric flow rates of 28.3 and 60.0 Lmin'^ (set with the DPI in series) for 1 min to 

assess the same four batches of salbutamol sulphate, i.e., two batches of micronised drug, 

ICFI, Italy, MMD = 4.4 pm and Glaxo, UK, MMD = 5.6 pm, and two spray dried 

batches. Batch I: 3.21 pm and Batch II: 3.60 pm.

4.4.3 The use of two inertial impaction methods to determine the effect of the size 

fraction of lactose on the fine particle dose delivered from mixes with 

salbutamol sulphate

Deposition studies were carried out using lactoseisalbutamol sulphate (3:1) mixes which 

had been tumbled in 20 mL glass vials at 42 rpm for 40 min in a Turbula® mixer 

(Bachofen AG, Switzerland). This regime was found to give uniform mixing when 

samples were taken from various positions in the bulk and assayed by U.V. spectroscopy
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at 274 nm. Gelatin capsules were filled manually with salbutamol sulphate and lactose 

mix so as to give 4 (± 0.05) mg of drug per capsule, loaded into a Rotahaler® (Glaxo, 

UK). Deposition was determined using a glass twin impinger (TI, Copley Instruments, 

UK) and a multistage liquid impinger (MSLI, AB Draco, Sweden) both run at 60 Lmin'^ 

(set with the DPI in place) for 1 min. Four different mixes were tested. Three batches of 

(1:3) spray dried salbutamol sulphate (Batch II: MMD = 3.60 pm) mixes with a-lactose 

monohydrate of varying size fraction (80,200 and 450 mesh, MMD = 77.06,41.42 and 

25.56 pm respectively, determined by Malvern laser diffraction). For comparison a 

further batch was evaluated consisting of a (1:3) mix of micronised salbutamol sulphate 

(ICFI, Italy, MMD = 4.4 pm) with 200 mesh a-lactose monohydrate. Five capsules were 

used per run with four replicates performed for TI and three replicates for MSLI 

experiments. Representative samples of micronised and spray dried salbutamol sulphate 

mixed with 200 mesh a-lactose monohydrate were viewed by scanning electron 

microscopy using a Philips EM501B scanning electron microscope (Philips Analytical, 

UK).

4.4.4 The use of two inertial impaction methods to determine the effect on fine 

particle dose of exposing spray dried salbutamol sulphate to three different 

relative humidities prior to mixing with lactose.

Spray dried salbutamol sulphate produced from a feed solution at 60 °C (Batch II: MMD 

= 3.60 pm) was stored at 20 °C for 40 days in desiccators containing saturated salt 

solutions and silica gel giving the following three equilibrium relative humidities:

0 %RH, silica gel; 12 %RH, lithium chloride; and 23 %RH, potassium acetate. Three 

batches of (1:3) spray dried salbutamol sulphate, stored under the three equilibrium 

relative humidities, mixed with 200 mesh a-lactose monohydrate were produced by 

tumbling in 20 mL vials at 42 rpm for 40 min in a Turbula® mixer (Bachofen AG, 

Switzerland). The mix was subsequently dried in a vacuum oven at 50 °C and 150 bar for 

12 h. Gelatin capsules were filled manually with salbutamol sulphate and lactose mix so 

as to give 4 (± 0.05) mg of drug per capsule and loaded into a Rotahaler® (Glaxo, UK). 

Deposition was determined using a glass twin impinger (TI, Copley Instruments, UK) 

and a multistage liquid impinger (MSLI, AB Draco, Sweden) both run at 60.0 Lmin
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(set with the DPI in place) for 1 min. Five capsules were used per run with four replicates 

performed for TI and three replicates for MSLI experiments.

4.5 Results and Discussion

4.5.1 Yariation in deposition o f micronised and spray dried salbutamol sulphate

The deposition profiles obtained for the four batches of salbutamol sulphate analysed, 

(two micronised and two spray dried) using the three impaction systems are presented 

in tables 4.10 to 4.13. Relevant aerosol parameters extracted from these deposition 

results and from the resultant cumulative % undersize plots are presented in tables 4.14 

to 4.23 and discussed individually below. These results are displayed graphically in 

figures 4.5 to 4.10 and the log-probability plots, showing the aerodynamic size 

distributions associated with the aerosol clouds generated from the four drug only 

batches, are shown in figures 4.11 and 4.12.

Deposition profiles obtained from the Andersen at 60.0 Lmin*̂  were similar for 

micronised and spray dried salbutamol sulphate systems (Figures 4.5 and 4.6; Tables 

4.10 and 4.11). A large proportion of the aerosolised mass becomes deposited in the 

mouthpiece and “throat”, which relates to particles k 20.0 pm. Figures 4.7 and 4.8 show 

deposition profiles obtained for all four batches with the MSLI and the TI respectively. 

These results (Tables 4.12 and 4.13) also show that a large proportion of the aerosolised 

mass impacts in the “throat” and the first fractionating stage of the impinger, which 

relates to particles of MMAD  ̂ 13.0 pm for the MSLI and MMAD k 6.4 pm for the TI. 

This suggests that the drug-drug associations are withstanding the deaggregating 

influences of the 60.0 Lmin  ̂volumetric airflow rate.

Table 4.14 gives the percentage of the nominal dose (ie., according to the weight of 

active dispensed into each capsule) which was detected on recovery of drug from; all the 

various impaction stages, the “throat” pre-separator, the mouthpiece, and the device. All 

values were around 100 % which gave confidence in the accuracy and reproducibility of 

the experimental technique and the filling procedure. Although the values associated with 

the Andersen runs using coated plates were consistently higher than the uncoated plates, 

the adhesive used was shown not to interfere with the U.V. assay.
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Table 4.10 % Deposition profile for aerosolised carrier-free systems (micronised) using the Andersen cascade impactor at two flow

rates and using coated and uncoated plates

% Deposition of micronised salbutamol sulphate

Batch X Batch Y

Stage BCD (pm) 
28.3 Lmin

BCD (pm) 
60.0 Lmin**

28.3 Lmin*' 60.0 Lmin* 
uncoated

60.0 Lmin'* 

coated

28.3 Lmin * 60.0 Lmin* 

uncoated

60.0 Lmin* 

coated

M >10.0 >20.0 4.63 (4.99) 5.54(2.30) 6.19 (4.62) 4.37 (1.64) 7.53 (1.58) 8.95 (2.61)

T >10.0 20.0 60.23 (7.75) 51.04(3.97) 45.87 (5.74) 48.53 (8.32) 45.14(5.11) 43.35 (10.45)

0 10.0 6.2 24.53 (4.34) 19.25(3.15) 23.16(2.78) 40.58 (8.38) 28.66(14.12) 29.55 (10.57)

1 9.0 4.0 2.85 (0.95) 8.43 (0.72) 7.72 (2.36) 3.15 (1.09) 7.91 (3.14) 8.38 (3.88)

2 5.8 3.2 3.21 (1.16) 5.30(0.83) 5.67(1.94) 1.96 (0.86) 6.29 (2.92) 4.94(1.95)

3 4.7 2.3 1.03 (0.27) 5.46(1.17) 3.26 (1.59) 0.50(0.14) 2.63 (2.21) 1.62 (0.63)

4 3.3 1.4 0.84(0.44) 2.15 (0.43) 2.42 (1.76) 0.36 (0.12) 1.17(1.08) 1.14 (0.70)

5 2.1 0.76 0.60(0.36) 0.58(0.18) 1.50(0.84) 0.19 (0.05) 0.70 (0.52) 0.86 (0.62)

6 1.1 0.45 0.47(0.32) 0.33 (0.12) 1.73 (1.28) 0.15 (0.04) 0.65 (0.60) 0.69(0.54)

7 0.65 0.30 0.35(0.18) 0.33(0.13) 1.33 (0.55) 0.15 (0.08) 0.57(0.51) 0.49 (0.24)

Filter 0.43 0.00* 1.26(0.43) 1.59(0.45) 1.15 (0.90) 0.46 (0.15) 0.36 (0.24) 0.38 (0.35)

(n=5, ± sd) M-mouthpiece adaptor T- “throat” pre-separator

* Assuming 100 % collection efficiency for terminal glass fibre filter * coated with two drops of silicone fluid 50 cs



Table 4.11 % Deposition profile for aerosolised carrier-free systems (spray dried) using the Andersen cascade impactor at two flow

rates and using coated and uncoated plates

% Deposition of spray dried salbutamol sulphate

Batch I Batch n

Stage BCD (pm) 

28.3 Lmin'*

BCD (pm) 
60.0 Lmin'*

28.3 Lmin* 60.0 Lmin* 
uncoated

60.0 Lmin'* 

coated

28.3 Lmin* 60.0 Lmin* 

uncoated

60.0 Lmin* 

coated

M >10.0 >20.0 9.51 (6.53) 9.33 (2.73) 3.79 (5.72) 13.59 (5.07) 10.33 (2.44) 10.97(2.23)

T >10.0 20.0 65.25 (4.68) 54.84 (7.19) 52.10 (5.46) 56.36 (3.67) 54.48 (5.94) 43.65 (5.79)

0 10.0 6.2 13.61 (5.53) 14.05 (2.08) 15.06(3.09) 13.05 (6.82) 12.54(0.91) 17.62 (3.04)

1 9.0 4.0 1.98 (0.35) 6.94 (2.00) 6.26 (1.97) 3.41 (1.51) 7.08 (1.29) 6.33 (1.35)

2 5.8 3.2 1.38 (0.59) 6.37 (3.01) 6.09(2.15) 2.46 (0.83) 7.31(1.83) 5.47(1.27)

3 4.7 2.3 2.12 (0.64) 3.26(1.48) 4.08(1.14) 2.76(1.12) 4.16(1.19) 6.70 (1.39)

4 3.3 1.4 2.21 (0.82) 1.54 (0.91) 2.80(1.33) 2.87 (1.50) 2.48 (0.77) 2.36(0.63)

5 2.1 0.76 1.38(0.86) 0.79 (0.22) 1.85 (0.78) 2.03 (1.18) 0.81 (0.38) 1.97(0.66)

6 1.1 0.45 0.43 (0.22) 0.75 (0.39) 1.37(0.65) 1.05 (0.87) 0.42 (0.24) 1.45(0.52)

7 0.65 0.30 0.47(0.46) 0.68 (0.36) 1.53 (0.30) 0.73 (0.37) 0.49(0.12) 1.69(0.56)

Filter 0.43 0.00* 1.66(0.57) 1.45 (0.93) 1.31 (0.92) 1.68 (0.94) 1.73 (1.19) 1.84(0.38)

(n=5, ± sd) M - mouthpiece adaptor T- “throat” pre-separator

* Assuming 100 % collection efficiency for terminal glass fibre filter * coated with two drops of silicone fluid 50 cs
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Table 4,12 % Deposition profile fo r aerosolised carrier-free systems using the

multistage liquid impinger (MSLI)

Batch of salbutamol sulphate

Micronised Spray dried

Stage ECD (pm) 

60.0 Lmin *

Batch X Batch Y Batch! Batch n

M >20.0 4.90 (2.73) 9.01 (6.24) 4.60 (0.92) 4.36 (1.76)

T 20.0 21.23 (5.48) 10.28 (4.49) 30.31 (2.75) 34.36 (5.06)

1 13.0 38.31 (8.56) 57.12 (824) 26.83 (5.67) 24.27 (7.89)

2 6.8 12.21 (220) 1226 (2.35) 11.69(2.75) 1228 (2.44)

3 3.1 14.70(1.35) 7.00 (0.53) 20.14 (2.43) 18.05 (2.83)

Filter 0.00* 8.88(1.24) 4.33 (1.74) 6.43 (0.99) 6.71 (1.79)

(n=5, ± sd) M - mouti^)iece adaptor T- “throat” pre-separator 

* Assuming 100 % collection efficiency for terminal glass fibre filter

Table 4,13 % Deposition profile fo r aerosolised carrier-free systems using the twin 

impinger (TI)

Batch of salbutamol sulphate

Micronised Spray dried

Stage ECD (pm) 

60.0 Lmin *

Batch X Batch Y Batch! Batch Ü

M >20.0 4.19(0.69) 5.63 (2.34) 5.53(1.76) 8.46 (5.47)

T 20.0 14.41(2.35) 10.77 (3.08) 27.96 (2.81) 2629 (9.39)

upper 6.4 58.54 (1.74) 42.41 (9.13) 46.17(3.44) 54.63 (15.71)

lower  ̂ 6.4 22.86 (3.09) 41.20 (8.80) 20.34 (2.34) 10.63 (3.07)

(n-5, ± sd) M - mouthpiece adaptor T- “throat” pre-separator
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Table 4A4 % Detected o f nominal dose* o f drug in impaction study

Andersen Cascade Impactor Multistage 

Liquid 

Impinger (MSLI)

Twin

Impinger
Uncoated Coated ♦

Micronised 

Batch X

97.90% (6.45) 107.01% (0.18) 113.57% (19.61) 96.64% (3.93)

Micronised 

Batch Y

111.38% (11.82) 126.65% (12.03) 107.03% (7.02) 110.09% (5.69)

Spray dried 

Batch I

102.71% (11.25) 107.00% (8.55) 90.97% (1.78) 92.84% (3.78)

Spray dried 

Batch n

105.44% (5.90) 114.39% (11.00) 91.88% (6.75) 92.88% (2.08)

Table 4A5 % Relative Standard Deviation (RSD) in % o f total drug detected 

in impaction study

Andersen Cascade Impactor Multistage 

Liquid 

Impinger (MSLI)

Twin

Impinger
Uncoated Coated ♦

Micronised 

Batch X

6.59 9.51 17.27+ 4.07

Micronised 

Batch Y

10.61 9.50 6.59 5.17

Spray dried 

Batch I

10.95 7.93 1.96 4.07

Spray dried 

Batch n

5.60 9.62 7.35 2.24

n=5, (±sd)

♦ coated with two drops of silicone fluid 50 cs

* Relative Standard Deviation >15 %

* Nominal dose = total amount of drug filled into the hard gelatin capsules used in the impaction run
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The relative standard deviations (RSDs) associated with the % of drug recovered are 

given in table 4.15. RSDs >15 % associated with DPI emitted doses are unacceptable 

according to the new US? proposals (Byron et al., 1994). Apart from one value all the 

RSDs were < 15 %, as would be expected from hand filled capsules.

Table 4.16 gives the % of the total amount of drug detected which was retained in the 

device at the end of the run. High device retention values ranging from 50-77 % were 

measured for both spray dried and micronised batches with all the impactors run at

60.0 Lmin'\ No real difference in % device retention was seen between the impactors as 

all were run at the same volumetric flow rate, but significant differences (p < 0.001, 

ANOVA) between spray dried and micronised salbutamol sulphate were evident (Table 

A4.3, Appendix IV). In all cases the spray dried material showed greater device retention 

(Figure 4.9).

The amount of oropharyngeal deposition detected in the plastic Andersen “throat” was 

greater for micronised batches than in the glass “throat” of the other two impingers 

(Table 4,17). This difference between the impaction methods was statistically significant 

(p=0.013) for micronised salbutamol sulphate (Batch X) (Table A4.2, Appendix IV). 

More oropharyngeal deposition was seen with the micronised batch than with the spray 

dried batch in the Andersen pre-separator (Table 4.17). This difference between the two 

particle forms was statistically significant for two of the impaction methods (TI: p=0.028, 

Andersen, uncoated; p=0.001) but not for the MSLI or the Andersen (coated) methods 

(Table A4.3, Appendix IV).

Tables 4.18 and 4.19 give the fine particle dose results. The values obtained were 

generally higher for micronised than for spray dried salbutamol sulphate. The Andersen 

cascade impactor did not reveal statistical differences (t-test analysis) between samples 

of micronised and spray dried salbutamol sulphate (Table A4.1, Appendbc IV). This may 

have been due to the large variation associated with the results, e.g., relative standard 

deviations (RSDs) of up to 30 % were seen in FPD (Tables 4.18 and 4.19).
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Table 4,16 % o f total drug detected left in the device after impaction run

Andersen Cascade Impactor Multistage

Liquid

Twin

Impinger

Uncoated Coated ♦ Impinger

(MSLI)

Micronised 

Batch X

56.69% (4.94) 64.40% (8.54) 58.04% (0.84) 50.87% (3.74)

Micronised 

Batch Y

54.25% (8.28) 53.11% (7.55) 56.37% (2.87) 57.76% (2.01)

Spray dried 

Batch I

74.08% (4.38) 76.66% (2.65) 70.74% (4.25) 62.37% (3.22)

Spray dried 

Batch n

76.18% (3.66) 63.53% (8.40) 71.29% (4.14) 58.66% (7.13)

Table 4,17 % Oropharyngeal deposition in impactor

Andersen Cascade Impactor Multistage

Liquid

Twin

Impinger

Uncoated Coated * Impinger

(MSLI)

Micronised 

Batch X

14.90% (2.54) 14.03% (4.02) 10.99% (3.46) 8.95% (120)

Micronised 

Batch Y

17.03% (3.50) 15.92% (8.03) 10.77% (5.51) 9.49% (1.33)

Spray dried 

Batch I

9.53% (1.94) 10.02% (2.02) 10.15% (1.02) 12.54% (0.38)

Spray dried 

Batch II

11.06% (2.13) 12.90% (1.77) 10.97% (0.67) 13.92% (5.45)

n=5, (±sd)

♦ coated with two drops of silicone fluid 50 cs
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Table 4,18 % o f total drug detected ^5 ,0  /im  in impaction study

Andersen Cascade Impactor Multistage

Liquid

Uncoated Coated * Impinger

(MSLI)

Micronised 

Batch X

8.92% (1.87) 9.22% (2.82) 12.37% (0.99)

Micronised 

Batch Y

10.02% (2.00) 8.63% (0.61) 9.38% (125)

Spray dried 

Batch I

4.28% (1.34) 5.66% (1.70) 9.29% (0.79)

Spray dried 

Batch II

4.92% (1.66) 9.01% (3.01) 9.29% (1.06)

n=5, (±sd) ♦ coated with two drops of silicone fluid 50 cs

Table 4.19 % o f total drug detected^ 6,4 pm  in impaction study

Andersen Cascade Impactor Multistage

Liquid

Twin

Impinger

Uncoated Coated ♦ Impinger

(MSLI)

Micronised 

Batch X

12.80% (1.78) 12.52% (3.87) 14.21% (1.39) 11.20% (1.38)

Micronised 

Batch Y
15.62% (4.11) 12.82% (0.78) 11.99% (1.51) 23.80% (5.25)

Spray dried 

Batch I

5.56% (1.84) 7.29% (1.99) 10.54% (0.90) 7.65% (1.02)

Spray dried 

Batch II

6.33% (1.96) 11.45% (3.42) 10.21% (1.28) 4.24% (0.68)

n-5, (±sd) ♦ coated with two drops of silicone fluid 50 cs
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The variability seen in FPD could be a consequence of a number of factors. For example, 

limitations associated with dry impaction stages, such as; considerable particle **bounce- 

off’, re-entrainment and inter-stage wall loss; and environmental fluctuations which may 

have affected the extent of hygroscopic growth prior to impaction. In addition, 

electrostatic charging due to triboelectrification on dispersion of the powder may have 

been poorly dissipated by the plastic “throat” pre-separator used by the Andersen 

compared to the glass “throat” used with the MSLI and TI. Any charging of the “throat” 

may have lead to artefactual increases in the amount of oropharyngeal deposition, which 

may in turn have influenced fine particle dose.

The mass median aerodynamic diameter (MMAD) values were read directly as the 

50 % value on the log-probability plots constructed using impaction data from the 

Andersen and the MSLI (Table 4.20). MMAD values obtained from the MSLI were 

higher than those obtained from Andersen distributions due to the greater fractionation 

of the aerosol cloud at the lower size ranges achieved by the later. The aerosol clouds 

analysed at 60.0 Lmin  ̂ were log-normally distributed as they yielded a straight line 

when a best eye-fit line was drawn through the data between the 20 % and 80 % 

probability values (Figure 4.11).

The respirable mass values (Table 4.21, Figure 4.10) were lower then the values for fine 

particle dose, both % ^ 5.0 pm (Table 4.18) and % ^ 6.4 pm (Table 4.19). This was 

unexpected as the %RM was calculated as a percentage of aerosolised drug rather than 

as a percentage of the total drug recovered, as with FPD. Typically, % ^ 5.0 pm was at 

least double the value of % respirable mass. This suggests that FPD values are over

estimations of deep lung deposition amounts, if it is accepted that % respirable mass is 

a more accurate indicator. Both MSLI and TI revealed significant statistical differences 

in respirable mass (MSLI: p=0.015, TI: p=0.012) and FPD, % ^ 5 pm (MSLI, p=0.003) 

and % ^ 6.4 pm (MSLI: p=0.020, TI = 0.012) for the micronised batches (Table A4.1, 

Appendix IV). Little difference was seen between spray dried batches (Figure 4.11c and 

d, and Table A4.1, Appendix IV). Although both methods showed up differences in the
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micronised samples

Table 4,20 Mass median aerodynamic diameter (MMAD) o f aerosolised drug 

particles in impaction study

Andersen Cascade Impactor Multistage 

Liquid 

Impinger (MSLI)Uncoated Coated*

Micronised 

Batch X

7.08 pm (0.54) 6.60 pm (0.48) 9.23 pm (0,77)

Micronised 

Batch Y

6.82 pm (0.83) 6.90 pm (1.39) 9.49 pm (0.98)

Spray dried 

Batch 1

8.45 pm (0.76) 7.53 pm (1.85) 9.45 pm (0.21)

Spray dried 

Batch II

8.63 pm (0.78) 6.72 pm (0.79) 10.00 pm (0.47)

Table 4,21 % Respirable mass o f total amount ofdrug aerosolised during impaction

study

Andersen Cascade Impactor Multistage
Liquid

Twin
Impinger

Uncoated Coated ♦ Impinger
(MSLI)

Micronised 
Batch X

4.00% (0.66) 3.91% (1.07) 5.03% (0.47) 7.01% (0.82)

Micronised 
Batch Y

3.02% (1.68) 2.71% (0.76) 3.32% (0.71) 14.42% (3.05)

Spray dried 
Batch I

1.82% (0.69) 2.67% (0.60) 3.20% (0.24) 4.76% (0.62)

Spray dried 
Batch n

2.27% (0.92) 4.48% (1.79) 3.04% (0.33) 2.81% (0.39)

n-5, (±sd) * coated with two drops of silicone fluid 50 cs
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Figure 4.11 Cumulative percentage undersize plots for representative runs using a) Andersen Mark

n  cascade impactor for micronised samples; b) The multistage liquid impinger (MSLI) 

which on analysis reveals the difference in size distribution between the two batches 

of micronised salbutamol sulphate; c) Andersen for spray dried sangles; and d) MSLI 

for spray dried samples which on analysis reveals no statistical difference between 

batches. All determinations performed at 60.0 Lmin'̂ .
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the trends were opposite, i.e., for the MSLI batch X gave a larger FPD than batch Y and 

the reverse is seen with the TI results (Tables 4.23). The reason for this contradiction is 

unclear but was possibly linked to the statistical difference seen in the percentage of 

drug retained in the device (MSLI: p=0.0006, TI: p = 0.018) also showing a reverse trend 

for the micronised samples (Table A4.1, Appendix IV, and Table 4.16).

No attempt was made to control the environmental temperature and relative humidity 

under which the impaction studies were performed. It has been found previously, 

however, that changing the environmental conditions can appreciably affect the fine 

particle dose results especially for formulations containing salbutamol sulphate (Jashnani 

et al., 1995). This is because increases in ambient relative humidity affects hygroscopic 

growth, crystallinity and deaggregation efficiency. Jashnani et al. (1995), recommended 

that the new pharmacopoeial monographs specify a range of validated temperature and 

humidity conditions at which to perform impaction tests, dependent on the device and 

formulation.

Geometric standard deviation (GSD) is closely related to the gradient of the cumulative 

log-probability plot. Tables 4.22 and 4.23 give GSD values calculated using the 84.13 

percentile (GSD̂ ppgJ and the 15.87 percentile (G S% ^J. For all batches the values for 

GSD obtained showed that the aerosol particles were polydispersed. The values obtained 

from the Andersen data were greater than those obtained with the MSLI. Due to poor 

fractionation at the lower size ranges by the MSLI, the final stage often contained > 

15.87 % of the aerosolised dose, and thus a GSD,q̂ „ could not be calculated.

As the MSLI and TI picked up differences between samples which the Andersen did not, 

these two impaction methods were selected for characterisation of the drug:carrier 

systems in subsequent experiments.
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Table 4.22 Geometric standard deviation (upper) o f aerosolised drug particles in 

impaction study

Andersen Cascade Impactor Multistage 

Liquid 

Impinger (MSLI)Uncoated Coated *

Micronised 

Batch X

1.94 (023) 2.11 (0.29) 1.58 (0.21)

Micronised 

Batch Y

2.01 (0.13) 2.16(0.21) 1.47 (0.09)

Spray dried 

Batch I

1.97 (0.23) 223 (0.54) 1.67 (0.08)

Spray dried 

Batch n

2.04 (0.19) 2.31 (0.60) 1.71 (0.12)

Table 4.23 Geometric standard deviation (lower) o f aerosolised drug particles in 

impaction study

Andersen Cascade Impactor Multistage 

Liquid 

Impinger (MSLI)Uncoated Coated*

Micronised 

Batch X

2.29 (021) 2.22 (0.44) ND

Micronised 

Batch Y

1.99 (0.86) 1.80 (0.33) 1.99 (0.20)

Spray dried 

Batch 1

2.52 (0.21) 2.75 (0.12) ND

Spray dried 

Batch n

2.69 (0.26) 2.89 (0.45) ND

n=5, (±sd)

* coated with two drops of silicone fluid 50 cs 

ND - Not determined
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4.5.2 Comparison o f Andersen Mark I I  cascade impactor results at 28.3 Lmin'^ and 

60.0 Lmin^ (uncoated and coated plates)

The general trends detected between the lower operational flow rate of the Andersen of

28.3 Lmin'Vand the more clinically appropriate 60.0 Lmin'^ were the same, whether 

coated or uncoated plates were used for particle collection at 60.0 Lmin'\

The fine particle dose values were much smaller at 28.3 Lmin (Table 4.24) than at

60.0 Lmin (Tables 4.18 and 4.19). The carrier-free systems tested were so cohesive that 

the lower flow rate did not adequately aerosolise and deaggregate the powder, therefore, 

very small fractions in the “respirable” size range are recovered on the lower impaction 

stages. MMAD could not be calculated at 28.3 Lmin'^ as > 50 % of aerosolised drug 

impacted on stages with no associated effective cut-off diameters (mouthpiece and 

throat)(Figures 4.12 and 4.13), although the lower flow rate did show lower percentage 

oropharyngeal deposition (Table 4.17 compared to oropharyngeal deposition values in 

table 4.24).

The ratio of % respirable mass measured at 60.0 Lmin'  ̂(coated plates) over that obtained 

at 28.3 Lmin'  ̂revealed a 5 to 12 fold greater likelihood of the higher flow rate conditions 

generating airborne particles of spray dried salbutamol sulphate which are capable of 

penetrating deep lung regions (Table 4.25). The ratio may be as high a 20 fold when 

considering the fine particle doses obtained at the two flow rates for the micronised 

batches. In a similar study using a treated, carrier-free terbutaline formulation at two 

operational flow rates through an Andersen cascade impactor (57.0 and 28.3 Lmin"^), 

doubling the test flow rate was seen to only double the % < 5.0 pm (Newman et al., 

1991). However, this doubling of fine particle dose was found by another group to have 

no effect on the clinical efficacy of the terbutaline formulation (Pedersen et al., 1990). 

The fact that in this study, a much greater percentage increase in FPD was seen confirms 

that the results and trends presented in this chapter are only true for the particular 

formulation-device combination tested.
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As the lower flow rate supplies insufficient energy in the form of turbulence to overcome 

the drug-drug and drug-device attractive forces there is a significant difference between 

the quantity of drug retained in the device at the two flow rates for all four batches of 

drug (Table A4.4, appendix IV). At 28.3 Lmin'^ most of the drug, 72 to 90 %, remains 

associated with the delivery device (Table 4.24), and thus would be unavailable for 

inhalation. This decreases to 51 to 77 % at 60.0 Lmin'  ̂(Table 4.16). This is thought to 

be a combination of formulation and device failure. It has been shown that above a 

minimum flow rate, certain inhalers show an independence of flow rate in terms of the 

amount of formulation retained in the device (Zanen et al., 1992). The results of this 

current study show that for the Rotahaler® and the carrier-free formulations tested, this 

minimum flow rate is in excess of 60.0 Lmin

Table 4,24 Results o f aerosol deposition studies using an Andersen cascade 

impactor at 28,3 Lmin'^

Type of salbutamol 
sulphate

Micronised Spray dried

Batch X Batch Y Batch I Batch II

% respirable mass 0.27%
(0.05)

0.27%
(0.08)

0.45%
(0.07)

0.36%
(0.05)

FPD: % ^ 5.0 pm 0.44%
(0.11)

0.50%
(0.17)

0.87%
(0.20)

0.65%
(0.14)

FPD: % ^ 6.4 pm 0.70%
(0.14)

0.95%
(0.39)

0.99%
(0.21)

0.79%
(0.15)

MMAD (pm) >10.0 >10.0 >10.0 >10.0

% device 84.45%
(7.18)

72.62%
(6.80)

85.92%
(3.27)

89.70%
(5.59)

% oropharyngeal 
deposition

6.11%
(2.85)

11.02%
(3.05)

7.46%
(2.17)

5.14%
(3.92)

% wall loss 6.18%
(3.22)

7.67%
(1.12)

4.04%
(0.60)

2.96%
(0.68)

n=5, (±sd) FPD = Fine particle dose
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Figure 4.12 Representative cumulative percentage undersize plots for saibutamoi sulphate: a) 

micronised - batch X, b) micronised - batch Y, c) spray dried - batch I, and d) spray 

dried - batch 11; at 28.3 Lmin'̂  and 60 Lmin (coated and uncoated plates)
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Table 4,25 Ratio o f fine particle dose and respirable mass values obtained 

at 60,0 Lmin^ to those obtained at 28,3 Lmin^ using the 

Andersen cascade impactor *

RM(60.0y

RM(28.3)

%^6.4 iim(60.0)/ 

%^6.4 iim(28.3)

%^5.0 iim(60.0y 

%^5.0 pm(28.3)

Micronised 

Batch X

14.48 18.29 2027

Micronised 

Batch Y

10.04 16.44 20.04

Spray dried 

Batch I

5.93 5.62 4.92

Spray dried 

Batch n

12.44 8.01 7.57

n=5

♦ plates coated with two drops of silicone fluid 50 cs at 60.0 Lmm'* 

RM - % respirable mass of total aerosolised drug

Table 4,26 Mean % wall loss*/ % drug aersolised fo r Andersen cascade impactor 

at 28,3 Lmin'^ and 60,0 Lmin'^ (coated and uncoated plates)

28.3 Lmin'
60.0 Lmin''

Uncoated Coated *

Micronised 0.40 0.30 0.39
Batch X

Micronised 0.28 0.29 0.38
Batch Y

Spray dried 0.29 0.37 0.28
Batch I

Spray dried 0.29 0.26 0.34
Batch n

n=5, (±sd)
* mean wall loss expressed as a percentage of the total amount of drug recovered
* coated with two chops of silicone fluid 50 cs
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The inter-stage wall loss values for the Andersen were large and so the aerosolised mass 

was not distributed solely amongst the impaction stages (Table 4.24). Wall loss was size 

selective, as it was seen of greater influence in the first few stages of the Andersen 

reducing the mass fiaction contributed by large particles. The error this imposes on FPD 

could have been minimised by adding the individual interstage wall loss washings to the 

amount recovered on the plate directly below. However, this would make Andersen 

analysis even more labour intensive and so, in this study, total wall loss was calculated 

and expressed as a percentage of the total amount of drug recovered.

Percentage wall loss was significantly less at the lower flow rate, however, as a 

proportion of the total drug aerosolised (including that depositing in the pre-separator and 

the mouthpiece) the values obtained are similar for all batches at 28.3 Lmin and

60.0 Lmin (coated and uncoated)(Table 4.26). This ratio, as it relates to the total 

amount of drug impacting on the collection surfaces, is more useful than an absolute % 

wall loss value as it allows a better prediction of how the measured fine particle doses 

and the % respirable mass will be affected. The higher the ratio the greater the 

probability of wall losses compromising the accuracy of the results. Although the amount 

of “bounce-off’ and re-entrainment of particles can also induce erroneous results it can 

not be easily quantified. Some comfort, however, is taken in the fact that for 3 out of 4 

of the batches tested, no significant differences were seen in any of the measured aerosol 

dependents, including % wall loss, using coated and uncoated plates (Table A4.5, 

Appendix IV). The consistent significant differences in % respirable mass and fine 

particle doses seen between uncoated and coated plates for spray dried batch Ü could 

have been due to the differences in % device retention and % oropharyngeal deposition 

rather than due to particle entrainment induced by not coating the plates.
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4,53 The effect o f the size fraction o f lactose mixed with salhutamol sulphate on 

the measured aerosol parameters 

Good mass balance was achieved on actuating the device and subsequent U.V. analysis 

(i.e., all the drug could be reconciled, table 4.27). The percentage of drug detected in 

most experiments was similar (RSD < 15 % as recommended by USP proposals, Byron 

et al., (1994) indicating good mixing efficiency and accurate pre-metering of capsules. 

It has been found that in general, the variability in emitted dose with DPIs is high both 

within and between devices (Hindle and Byron, 1995). In this study, variability was 

limited by using the same Rotahaler® for each determination and accurately hand filling 

the capsules.

A range of sieved crystalline monohydrous lactose products are available for use as free 

flowing diluents. A milled grade of lactose (325 mesh) is also available specifically for 

dry powder inhalation formulations. This inhalation grade is less free flowing than the 

normal sieved fractions but has a much narrower size distribution for more reproducible 

association with drug particles of “respirable” dimension. It was thought that this milled 

grade would be more hygroscopic and charged due to the surface activation during its 

milling process and, thus, could affect the physical stability of the metastable spray dried 

drug. For this reason, only sieved lactose fractions (80,200 and 400 mesh) were used in 

this study.

As the mesh size of lactose increases, its median particle size decreases, as measured by 

Malvern laser Fraunhofer diffraction (Table 4.27). With increasing mesh size of lactose 

(decreasing particle size) there was seen to be a simultaneous increase in fine particle 

dose and respirable mass for spray dried salbutamol sulphate/lactose mixes measured by 

MSLI (Table 4.27 and Figure 4.14). This was statistically significant for 6.4 pm 

(p=0.041. Table A4.6, Appendix IV). Generally, the greatest increment was noted 

between 80 and 200 mesh (MMD, 77.1 and 41.4 pm respectively). However, TI results 

showed a different trend (Table 4.28 and Figure 4.14), although differences were not 

significant as the variability associated with these results was large (Table A4.6,
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Appendix IV).

Table 4,2 7 Multistage liquid impinger results fo r  drug-carrier systems

Form of 

salbutamol 

sulphate

Micronised Spray dried

Mesh size of

a-lactose 200 mesh 80 mesh 200 mesh 450 mesh

monohydrate

MMD of lactose 41.42 77.06 41.42 25.56

(pm) (0.07) (2.75) (0.07) (6.08)

% respirable 6.40 2.81 2.42 3.97

mass (0.65) (0.83) (1.03) (0.99)

% Û 5.0 pm 16.84 9.74 11.37 1221

(1.81) (1.99) (0.78) (0.47)

% 6.4 pm 19.61 11.65 15.92 14.96

(1.49) (1.88) (1.81) (1.04)

MMAD (pm) 9.23 10.17 10.23 10.13

(0.23) (0.15) (0.64) (1.18)

GSD upper 1.53 1.61 1.60 1.90

(0.05) (0.12) (0.05) (0.26)

% device retention 38.49 55.73 41.07 45.42

(4.28) (4.94) (8.38) (0.92)

oropharyngeal 13.38 13.28 17.03 18.73

deposition (%) (2.02) (2.53) (3.54) (3.81)

% detected of 96.13 86.69 89.77 98.71

nominal dose* (6.62) (4.42) (7.84) (16.68)

% RSD of 

% detected

6.89 5.10 8.73 16.90+

n -3  (±sd)

* nominal dose = total amount of drug filled into the hard gelatin capsules used in the impaction run

* Relative standard deviation > 15%
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Table 4.28 Twin impinger results fo r drug-carrier systems

Form of 

salbutamol 

sulphate

Micronised Spray dried

Mesh size of

a-lactose 200 mesh 80 mesh 200 mesh 450 mesh

monohydrate

MMD of lactose 41.42 77.06 41.42 25.56

(pm) (0.07) (2.75) (0.07) (6.08)

% respirable 11.48 5.46 4.58 3.12

mass (0.94) (0.39) (2.08) (1.81)

%  ̂6.4 pm 18.53 8.59 6.68 3.95

(1.58) (0.69) (2.97) (3.15)

% device 32.99 48.88 34.40 23.33

(3.47) (3.46) (5.29) (828)

oropharyngeal 10.01 13.88 17.25 12.26

deposition (%) (1.85) (1.24) (3.69) (1.97)

% detected of 97.56 90.60 88.03 90.52

nominal dose* (1.90) (6.25) (1.04) (5.64)

% RSD of 1.95 6.90 1.18 623

% detected

n=4 (±sd)
* nominal dose = total amount of drug filled into the hard gelatin capsules used in the inq)action run

200



Chapter 4 Aerosol depcsitionstudies

25 1

X

S. 2°«a
c«
O 15
oQ_

Î  10

a .
o
IT

5 -

20 40
—|— 
GO

MSLI

■: X <  6.8 pm 
t : X ^  6.4 pm 
♦: X < 5.0 pm

Twin impinger 
#: X < 6.4 pm

—r- 
80 100

Mam median diameter (pm) of a-lactoae monohydrate

Figure 4.14 The fine particle dose percentage) determined fo r 1:3 spray dried
saibutamol suphate: a-lactose monohydrate mixes using the multistage 
liquid impinger (MSLI) and twin impinger (T^

0  3s
X

fS

1

80%

60%

40%

20%

0%
5 10 100

PARTICLE SIZE (MICRONS)

Figure 4.15 Cummulative size distribution plots for different size fractions o f Pharmatose*
(a-lactose monohydrate). Taken from manufacturer’s (DMV, The Netherlands)
product literature.

201



Chapter 4________________________________________________________ Aerosol depositionstudies

Unlike the carrier-free systems, TI results for FPD were much smaller than the MSLI 

values. Both impaction methods showed that increasing lactose particle size increased 

the % device retention with the greatest difference being seen again between the 80 and 

200 mesh samples (Table 4.27 and 4.28).

The differences between the various lactose samples may be explained by the number 

and nature of the active binding sites available for association with the drug particles. 

Increasing the mesh size of lactose reduces its median particle size but also increases the 

number of fines (Figure 4.15). It has been postulated that smaller carrier particles form 

the unbound or weakly bound fraction of carrier-drug associations, therefore, separation 

is more efficient on aerosolisation and this is reflected in FPD results.

Both impaction methods revealed that the micronised sample gave larger FPD and %RM 

values than the spray dried samples (Tables 4.27 and 4.28). The micronised sample mix 

was about 2.5 times more likely to generate particles of “respirable” size range, if the 

ratio of %RM values is considered. In addition, the spray dried sample had increased 

oropharyngeal deposition over the micronised sample, which was significant for the 

MSLI results (p=0.008, paired t-test) though not for the TI (Table A4.7, Appendix IV).

The inclusion of a carrier was seen with the micronised salbutamol sulphate to increase 

the %RM (from 5.03 % carrier-free to 6.40 % drug and carrier, MSLI) and reduce the % 

device retention (from 58.04 % to 38.49 %, MSLI). For the spray dried drug the inclusion 

of carrier had little effect on the FPD or %RM but did reduce the device retention. 

Indicating that the association of the spray dried particles with the lactose facilitated the 

aerosolisation of the powder but that the drug particles did not efficiently detach from 

drug-drug or drug-carrier associations, so no benefit was seen in FPD or % RM. 

Moreover, a large amount of drug was detected in the “throat” pre-separator. Scanning 

electron micrographs revealed the efficient coverage of lactose particles with particles 

of micronised salbutamol sulphate (Plate 6), but the poor affinity for the lactose of the 

spray dried drug (Plate 7).
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Plate 6 Micronised salbutamol sulphate (Batch X) and 200 mesh a-lactose 

monohydrate 1:3 mix. Drug pre-equilibrated at 0 %RH

1 0 U M  7 . 2 K V  S E D  0

Plate 7 Spray dried salbutamol sulphate (Batch H) and 200 mesh a-lactose 

monohydrate 1:3 mix. Drug pre-equilibrated at 0 %RH
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4,5.4 The effect on the measured aerosol parameters o f pre-storing spray dried 

salbutamol sulphate at various equilibrium relative humidities prior to mixing 

with carrier lactose

The formation of aggregates of drug-drug and also drug-carrier particles, on mixing with 

a-lactose monohydrate 200 mesh, were induced by pre-equilibrating the spray dried 

salbutamol sulphate at 12 % and 23 %RH prior to tumbling. This pre-treatment of the 

drug particles did not seem to show any real benefits for FPD or % RM (Tables 4.29 and 

4.30; Figures 4.16 and 4.17). Table A4.8 (Appendix IV) shows that a statistical 

difference (p=0.048) exists in the % of drug retained in the device, determined from 

MSLI data. The results show that although a greater proportion of the drug was 

aerosolised, the majority of this aerosolised mass impacted in the first stage of the 

impinger. The reason for this was revealed on examination of the scanning electron 

photomicrographs. SEM of drug-carrier systems, which contained drug pre-equilibrated 

at 12 % and 23 %RH, revealed fusion of the spray dried drug promoting aggregation of 

adjacent lactose particles (Plate 8).

The moisture content of the lactose samples is typically 5.2 % w/w with a maximum of 

0.52 %w/w unbound (Pharmatose® product literature, DMV International, Veghel, The 

Netherlands). This moisture must have caused the spray dried salbutamol sulphate 

molecules to become more mobile and fuse, forming a layer of salbutamol sulphate 

coating the outer surface of the lactose particles. This occurred at equilibrium relative 

humidities (12 % and 23 %RH) which would not normally induce crystallisation of the 

spray dried drug (Chapter 3). These results suggest that if pre-storage at elevated 

humidity is to be used to aid aggregation of the drug with carrier, the initial moisture 

content of the carrier, both bound and unbound, should be considered. The fusion seen 

with this spray dried salbutamol sulphate system may not occur if less hygroscopic, 

anhydrous carrier particles were used.
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Table 4.29 Multistage liquid impinger results for drug-carrier systems: 

The drug pre-equiiibrated at 0%  and 23 %RH

Aerosol parameter measured 200 mesh a-lactose monohydrate : spray dried salbutamol sulphate

mix (3:1)

Pre-storage humidity of drug 0%RH 23 %RH

% respirable mass 2.42 (1.03) 1.36 (0.20)

% £ 5.0 pm 11.37(0.78) 6.87 (0.91)

%  ̂6.4 pm 15.92(1.81) 10.07(1.94)

MMAD (pm) 10.23 (0.64) 10.67 (0.58)

GSD upper 1.60 (0.05) 1.36(0.14)

GSD lower 2.61 (0.63) 1.51 (0.05)

% detected 89.77 (7.84) 95.43 (3.97)

% device retention 41.07 (8.38) 22.93 (2.80)

% oropharyngeal deposition 17.03 (3.54) 18.47 (4.95)

(n=3, ±sd)

Table 4.30 Twin impinger results for drug-carrier systems:

The drug pre-equilibrated at 0%, 12 % and 23 %RH

Aerosol parameter measured 200 mesh a-lactose monohydrate : spray dried salbutamol sulphate

mix (3:1)

Pre-storage humidity of drug 0%RH 12 %RH 23 %RH

% respirable mass 4.58 (2.08) 5.75 (3.53) 5.93 (1.58)

% <, 6.4 pm 6.68 (2.97) 8.97 (6.08) 9.16(2.95)

% detected 88.03 (1.04) 92.24 (3.21) 92.11 (3.96)

% device retention 34.40 (529) 37.96 (6.40) 31.90(10.66)

% oropharyngeal deposition 17.25 (3.69) 19.25 (2.53) 19.72(1.06)

(n=4, ±sd)
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Plate 8 Spray dried salbutamol sulphate (Batch II) and 200 mesh ct-lactose 
monohydrate 1:3 mix. Drug pre-equUlbrated at 12 %RH
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4.6 Conclusions

The impaction methods differed markedly in the amount of particle size distribution 

detail provided, reproducibility of results and labour intensiveness. The results confirmed 

that the values obtained by the three methods of measurement were not interchangeable. 

A previous study has shown similar FPDs were obtained using the MSLI and TI (Holzner 

and Müller, 1995). The present study indicates that this can not be assumed for all 

formulations.

The log-normal probability plots constructed from the results presented in this chapter 

have the advantage of giving direct estimations of MMAD and GSD, as well as a 

qualitative appreciation of the data’s goodness of fit to a log-normal distribution. 

However, with logarithmic scales there is loss of detail at the high probability values and 

an accentuation of errors as the curve tails towards the lower probabilities. Any single 

error in the amount of drug impacting onto the individual stages can result in an error in 

the entire distribution. The calculation of a respirable mass value firom cascade impaction 

results was carried out without the need of a cumulative distribution. For even greater 

accuracy, computer analysis of the data can be performed. This allows the exact shape 

of the collection efficiency curves for each stage to be considered and the best 

distribution found to fit the data.

Generally, the MSLI seems to be a good method for detecting statistical differences 

between batches and most of its findings are confirmed by the TI though at times with 

opposite trends. The TI is quick and simple to use and may be an adequate initial aerosol 

screening method but provides much less information about the particle size distribution 

and, therefore, is not sufficiently discriminating. With present knowledge, it is pure 

conjecture to infer that any of the statistical differences between the formulations, 

determined in this study by inertial impaction, constitute a clinically relevant difference.

The presence of low levels of amorphous material on the surface of micronised 

crystalline salbutamol sulphate (as mentioned in chapter 3) may have a deleterious effect
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on the overall physical characteristics of the powder. This, in addition to variations in 

particle size, presents problems in raw material batch to batch and supplier to supplier 

sample variation (Ward and Schultz, 1995). Spray drying, as an alternative to 

micronisation, is also able to produce particles of “respirable” dimensions, as determined 

by non-aerodynamic (chapter 2) and now aerodynamic methods. Furthermore, these 

aerosol deposition studies have shown that spray drying may be a more reliable 

consistent method of manufacturing primary aerosol particles due to the minimal 

aerodynamic variation seen between spray dried samples.

It was expected that the effects of particle entrainment, as a result of not coating plates, 

would tend to bias the size distribution towards the smaller particle sizes, over-estimating 

FPD and %RM. This study, however, showed little difference in the results obtained 

from coated and uncoated plates. The inability of the lower flow rate (28.3 Lmin’̂ ) to 

produce sufficiently deagglomerated particles of “respirable” size was demonstrated.

The determined FPD, %RM and oropharyngeal deposition values indicate that the spray 

dried material forms associations with carrier lactose which do not efficiently dissociate 

on aerosolisation at 60.0 Lmin'\ such that no benefit, in terms of deep lung penetration, 

is achieved on mixing with carrier lactose of various size fractions. However, the 

respirable output did increase favourably by mixing micronised material with carrier. 

There is a relationship between lactose size fraction and the measured aerosol parameters 

though the nature of the trends seen varied according to which impaction method was 

used.

Primary particle size enlargement into aggregates was achieved by tumbling drugdactose 

mixes, the drug having been pre-stored at 0 %, 12 % and 23 %RH. The subsequently 

vacuum dried systems evaluated by MSLI and TI revealed that the pre-storage humidity 

significantly affected the measured aerosol dependents. SEM revealed inferior coverage 

of the lactose by the spray dried material compared to the micronised. At k 12 %RH pre

storage conditions, fusion of the spray dried particles forming a surface coverage of the 

lactose and aggregation of adjacent carrier particles was seen.
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The portable inhaler field is currently an area of innovation and rapidly developing 

technology. The challenge is to deliver new chemical entities and established drugs to 

the airways for traditional, as well as, new indications in an efficient and consistent 

manner. Dry powder inhalers are the fastest growing section of the medicinal aerosol 

market. The increased research interest has come about as a result of: the imminent ban 

on CFC propellants traditionally used in pressurised metered dose inhalers; re

formulation problems associated with the HFA alternative propellants; and an increasing 

prevalence of respiratory disease. Most of the research effort associated with DPIs has 

concentrated on technological innovation of sophisticated delivery devices which are 

more reliable, in terms of delivered dose, and less dependent on patients’ inspiratory 

cycles. As the problem with dose variability with DPIs is primarily a consequence of the 

cohesive and adhesive nature of the micronised drug used in the formulation, another 

approach to improving these systems is to investigate alternative means of producing 

primary aerosol particles.

The work presented in this thesis has shown that spray drying can produce particles of 

the model hydrophilic drug salbutamol sulphate which are in the appropriate size range 

for deep lung deposition (i.e., < 5 pm). These particles are spherical, with pitted surfaces 

and a narrow size distribution. The mass median diameter of the spray dried particles was 

smaller and of narrower distribution than that of the micronised and original material. 

Manipulation of the temperature of the aqueous solution of salbutamol sulphate fed into 

the Mini Biichi 190 spray dryer (from 4 °C-60 °C), and also, the location from which the 

yield is recovered (cyclone separator or collection vessel) was shown to affect parameters 

which are important for dry powder aerosol formulation. Principally, moisture content 

and particle size.

An effective scale up programme for this product should consist of both theoretical and 

experimental components, using geometrically similar diyer and atomiser designs in the 

pilot and production scale equipment. Scale up to pilot and production scale spray dtying 

equipment would be predicted to produce particles which are drier, larger in diameter, 

of decreased bulk density, and of greater internal voidage.
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It was evident from the characterisation experiments described in chapter 2 with the 

spray dried form of salbutamol sulphate, that its physical stability was inferior to that of 

micronised drug. This was apparent from fusion of samples leading to the loss of primary 

particle “respirable” size, when the spray dried drug was stored under ambient conditions 

or degassed under nitrogen. Further investigations into its physical stability in chapter 

3, revealed that spray dried salbutamol sulphate was 100 % amorphous and, thus, 

metastable. The metastable form was seen to convert to the more thermodynamically 

stable crystalline material under favourable environmental conditions of temperature and 

humidity. These conditions induced sufficient molecular mobility to depress the glass 

transition.

A comprehensive investigation of this amorphous to crystalline conversion and the nature 

of solid state transitions prior to this event was undertaken using, primarily, calorimetric 

methods. Isothermal microcalorimetry was able to detect subtle differences between 

batches of spray dried salbutamol sulphate on the basis of differences in moisture 

content. This technique yielded an apparent specific enthalpy of crystallisation which 

was used to quantify the % disorder or amorphous character in an unknown partially 

crystalline sample. Both microcalorimetry and DSC were successfully employed to 

locate the glass transition and to monitor its depression as a result of the plasticising 

effect of absorbed moisture. These studies provided information about the conditions 

which would result in an irreversible loss of primary particle integrity, i.e., pre-storage 

at ^ 59 %RH. Results were confirmed by XRPD and moisture vapour sorption studies. 

Contrary to the co-operative re-crystallisation theory, a partially crystalline form of 

salbutamol sulphate was produced alluding to significant molecular mobility below the 

glass transition and suggesting that the crystallisation kinetics are significantly altered 

at the low relative humidities promoting slow moisture absorption.

As the majority of dry powder aerosol formulations contain carrier lactose particles to 

aid flow, metering and aerosolisation of the extremely cohesive drug particles, an 

investigation of the effect of mixing various types of lactose on the physical stability of 

spray dried salbutamol sulphate was performed. Isothermal microcalorimetry revealed
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that crystalline lactose did not extend the time to crystallisation of the spray dried drug 

beyond 4 h at 25 ®C and 85 %RH, but did change the shape of the peak. This change in 

the nature of the crystallisation peak could have been due to the difference in moisture 

presentation to the drug. Surprisingly, addition of a second metastable material,

100 % amorphous lactose, favorably extended the time to crystallisation.

The information obtained from studies of physical stability facilitated the design of 

subsequent experiments aimed at processing the primary aerosol powders to form weak 

aggregates of drug-drug or drug-carrier particles. Aerosol deposition studies were 

performed on untreated carrier-free and drug-carrier systems, as well as, on powders 

which had been pre-stored at 12 % and 23 %RH prior to tumbling. These relative 

humidities were well below the 59 %RH found to induce a partial crystallinity. Inertial 

size analysers realised the dynamic airflow dissociation tests which allowed relevant in 

vitro deposition characterisation of these dry powder aerosol formulations.

Dry powder inhalers were initially developed to address the co-ordination problems 

associated with pressurised metered dose inhalers. In reality, however, a certain amount 

of synchronisation is still required as maximal inspiratory effort needs to be achieved in 

order to disperse and deaggregate the dry powder formulation efficiently. The 

relationship between inhaler design, especially intrinsic device resistance, and the 

patient’s inspiratory dynamics, is an important consideration in the prediction of a 

formulation’s deep lung penetrability. This relationship is also important in the design 

of the most appropriate in vitro deposition method for its characterisation. A range of 

aerodynamic methods are employed at present, but it would be preferrable if a single 

method was available which was able to test all device types at a range of clinically 

relevant flow rates. A clinically relevant flow rate being that which is above the flow rate 

at which the device fails to disperse the formulation, and below the flow rate at which 

the inspiratory effort is uncomfortable to the patient. DPIs are a diverse class of 

formulation-device combinations, however, and a general method of characterising 

deposition is inappropriate.
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The three impactors used in this work are recommended in the latest proposals for 

pharmacopoeial testing; the Andersen Mark II cascade impactor, the multistage liquid 

impinger (MSLI), and the twin impinger (TI). All the impactors were run at a volumetric 

operational flow rate of 60.0 Lmin'\ thought most appropriate for the low resistance 

device used in this study, the Rotahaler® (Glaxo, UK). In addition, the Andersen 

impactor was used at the manufacturer recommended flow rate of 28.3 Lmin'\ but the 

poor fine particle doses obtained under these conditions suggested that these conditions 

were unable to provide the level of turbulence required to aerosolise and deaggregate the 

powder. The Rotahaler® (Glaxo, UK) was used in this study as it allowed quick and easy 

presentation of the dry powder systems to the impactors and impinger. However, future 

work with these dry powder systems should perhaps use a more appropriate delivery 

device, i.e., one with the degree of air turbulence and intrinsic device resistance 

associated with newer dry powder devices now available.

The results obtained varied significantly according to the impactor used to study 

deposition. The methods differed in; the amount of particle size distribution detail 

provided, the reproducibility of the results, and the degree of analytical effort required. 

The following relevant aerosol parameters were determined; device retention, 

oropharyngeal deposition, fine particle dose, mass median aerodynamic diameter, 

geometric standard deviation, and the total respirable mass. The work in chapter 4 has 

shown the importance of method and data analysis on the relevance and use of aerosol 

impaction results. The introduction of pharmacopeial testing recommendations for DPIs 

will promote greater harmonisation of research methods and reported data, allowing 

greater comparison of results of multi-centre testing.

The variability in the results obtained for the Andersen were at times associated with 

RSD values of > 30 %. Consequently, statistical differences between batches of 

micronised drug detected by MSLI and TI, were not seen with the Andersen. This was 

postulated to be a consequence of a variety of factors: particle entrainment, “bounce-off’, 

and inter-stage wall loss; environmental fluctuations affecting hygroscopic growth; and 

electrostatic charging differences between the two “throat” pre-separators used in
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conjunction with the impactors in these studies. The MSLI and TI both picked up 

relevant statistical differences in FPD and %RM values for the two micronised batches 

tested, but the trends seen were contradictory. Little difference was seen with all three 

impaction methods between spray dried salbutamol sulphate batches. The twin impinger 

was quick and simple to use and may be adequate for initial formulation screening but 

the MSLI proved to be the most reliable method.

The probability of deep lung deposition was increased by combining micronised drug 

with carrier compared to the carrier-free situation. No benefit in fine particle dose (FPD), 

however, was seen when spray dried drug was combined with carrier lactose of various 

size fractions, although a trend was seen with the MSLI for increasing FPD with 

decreasing carrier median particle size. High oropharyngeal deposition values indicated 

that the spray dried drug formed associations with the carrier particles which did not 

efficiently detach at 60.0 Lmin'\ The fine particle dose decreased further when the spray 

dried drug had been pre-stored at 12 % and 23 %RH. Scanning electron micrographs 

revealed the efficient coverage of lactose particles by particles of micronised drug, but 

the poor affinity for the lactose of the spray dried form. These spray dried spherical 

particles were seen to fuse if they had been pre-stored at 12 % and 23 % RH prior to 

mixing, forming a film of material over the lactose particles and causing aggregation of 

adjacent carrier particles. The fusion of the drug and thus the loss of primary particle 

size, was reflected in the poor FPD and respirable mass results obtained.

Crystalline structures are better insulators of columbic charge and, theoretically, would 

be associated with different charging characteristics to spray dried amorphous material 

on aerosolisation and processing. The relative extent of triboelectrification of micronised 

compared to spray dried material will reveal explanations for some of the phenomena 

seen in this work which morphological differences alone cannot explain.

Established techniques for dry powder evaluation traditionally used in the 

characterisation of raw materials or blends intended for oral dosage forms, e.g., capsules 

and tablets, have not been found to be sophisticated enough when dealing with dry
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powder aerosol formulations. Although some synergy exists between the evaluation 

methods, this work has clearly shown the worth of more complex characterisation 

techniques for dry powder aerosol mixes.

Spray drying was seen to produce reproducible batches of particles of the size 

appropriate for deep lung deposition. However, the cohesive nature of the product and 

its poor physical stability will prevent its commercial use, unless it can be presented in 

a delivery device which is capable of providing a 0 %RH environment for the 

formulation throughout its entire shelf life. This thesis has provided information on the 

nature of the amorphous form of salbutamol sulphate which will add to the understanding 

of the characteristics of the surface amorphous regions produced by milling and 

micronisation, the primary means of particle size reduction used for producing inhalable 

particles. This information will facilitate efforts to reduce the deleterious effects of batch 

to batch variation common with this raw material.
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Appendix I____________________________   Pulmonary function parameters

Definition of pulmonary function parameters

Lung volumes

Residual Volume (RV) - The volume of gas in the lungs at the end of a maximal 

expiration.

Vital capacity (VC) - The change in the volume of gas in the lungs from complete 

inspiration to complete expiration.

Tests of forced expiration and inspiration

Peak inspiratory flow  rate (PIFR) - The greatest flow detected on forced inspiration, 

starting from lungs at functional residual capacity. Measured in Lmin^ with a spirometer.

Peak expiratory flow  rate (PEFR) - The greatest flow Â iiich can be sustained for 10 sec 

on forced expiration, starting from full inflation of the lungs. Measured in Lmin“̂ with 

a peak flow metre.

Forced ej^iratory volume in one second (FEVJ - The volume of air expelled in 1 s of 

a forced expiration, starting from full inspiration. Measured in litres with a low resistance 

spirometer. FEVj is > 70 % of VC in normal subjects.

A irw t^ resistance (R^J - Pressure difference required between the alveolus and mouth 

to produce an airflow of 1 Ls'  ̂(KPaL'^s'^)

M inimum inspiratory mouth pressure (MIMP) - The definition of this pulmonary 

parameter varies from study to study, but generally, it is the pressure drop available at 

the mouth of the patient It is measured as %of predicted FEVi and expressed relative to 

atmospheric pressure (cmHjO). Together with a DPI’s intrinsic de\ice resistance, it is the 

most important factor controlling the maximum achievable inspiratory flow rate (MIFR). 

There is a reverse relationship between disease severity and MIMP.
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Appendix II Degassing conditions for B.E.T. measurement

Degassing conditions for B.E.T. measurement

Orr and Dallavale’s (1959) empirical formula relating to general outgassing times and 

temperatures:

Eq. A2.1

ho = 14.4 X lO'* t

bo = outgassing time (h)

to = outgassing temperature (“C)

Table A2,1 Empirical degassing conditions fo r  B,E. T, measurement

Temperature (°C) Time (h)

20 717

40 210

60 103

80 62

100 42
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Appendix III Calculation of B.K T specific surface area

Multi-point B.E.T. calculation

The mass of adsorbate (nitrogen) adsorbed onto the powder sample (X) is given by the 

following expression:

Eq. A3.1

Where:

X

Ayg

A c a l

V c =

Acs

Ma

Pa
R

T

X=(Ayg/AgaJ.Vgai.(PaMa/RT)

Mass of adsorbate (Nj) adsorbed onto the sample surface (g) 

Area under sample's desorption curve 

Area under calibration curve 

Injected calibration volume

Cross sectional area of adsorbate molecule, forN 2 , 16.2x10'^°m  ̂

Adsorbate molecular weight (28 for N2)

Ambient pressure (mmHg)

Gas constant, 82.1 cm  ̂atm/kmol 

Temperature of calibration volume (K)

The multi-point B.E.T. equation is as follows: 

Eq. A3.2

l/[X(PyP)-'] = (C-1)/X.C . P/Pg + 1/Xy.C

The B.E.T. equation yields a straight line when l/[X(Pg/P)* ]̂ is plotted against P/P, 

The resultant straight line has a slope, s = (C-l)/Xy,C, and an intercept, I = l/X^C 

Where:

Xm = Weight of adsorbate adsorbed at a coverage of one monolayer

C = A constant function of the heat of adsorbate condensation and the

heat of adsorption

Solving the above equation gives:
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Appendix III Calculation pfB.RT. specific surface area

Eq. A.3.3

The total surface area of the sample, , is determined from the following expression: 

Eq. A3.4

Where:

St
N

Ac

Xm
K

Sample's surface area (m )̂

Avagadro’s number, 6.023x10^^

Cross sectional area of adsorbate molecule, for N2 , 16.2x1 

Weight of adsorbate adsorbed at a coverage of one monolayer 

Adsorbate molecular weight (28 for Nj)

The specific surface area of the sample, S is: 

Eq. A3.5

S = Sy sample weight (g)

Due to assumptions implicit with the B.E.T. equation, the B.E.T. plot is usually linear 
in the range; P/P„= 0,05-0.3S.Therefore, data points outside this range were avoided.



Appendix III Calculation pfB,KT. specific surface area

Single point B.E.T. Calculation

The single-point B.E.T. zero intercept assumption simplifies the B.E.T. equation to: 

Eq. A3.6

St = A J A ^  .v ^  a ,  .P, N/RT.( 1-P. /Po )

Where:-

St =

K .

Acd =

=

K  =

P. =

P, =
N =

R

T

Sample's surface area (m )̂

Area under sample's desorption curve 

Area under calibration curve 

Injected calibration volume

Cross sectional area of adsorbate molecule, forN 2 , 16.2x1 

Ambient pressure (mmHg)

Saturated vapour pressure (mmHg), usually taken as being P»+15 mmHg 

Avogadro's number, 6.023x10^^

Gas constant, 82.1 cm^atm/kmol 

Temperature of calibration volume (K)

For Nj as adsorbate at T = 295 K and P̂  = 1 atm, the equation simplifies to:

Eq. A3.7

St = (l-P/Pj.Au/A^.V^.4.03m

Wbere:-

XN2

^N2 X Pa
The certified mole fraction of adsorbate in the pre-mixed tank
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Appendix IV Statistical analysis of aerosol deposition data

Statistical analysis of aerosol deposition studies
Table A 4 ,l Sample variation - results obtained using impaction methods 

at 60 Lmin’̂
p  value •

Type of 
salbutamol 

sulphate

Measured Impaction method (60 Lmin^)
dependent

Andersen cascade impactor MSLl Twin
impinger

uncoated coated *

Micronised 
samples; 

Batch X

%RM 0.358 0.134 0.015** 0.012**

%  ̂ 5.0 pm 0.538 0.656 0.003** N/A
oC 15alCll
YY % £ 6.4 pm 0.328 0.877 0.020* 0.012**

MMAD 0.588 0.571 0.671 N/A

GSD upper 0.074 0.794 0.324 N/A

GSD lower 0.558 0.690 ND N/A

% device 0.651 0.057 0.0006*** 0.018**

% oropharyngeal 
deposition

0.443 0.669 0.995 0.504

Spray 
dried 
samples; 
Batch I

%RM 0.473 0.084 0.520 0.007**

% £ 5.0 pm 0.556 0.296 0.994 N/A

&
Batch 11

% i  6.4 pm 0.500 0.117 0.728 0.0056**

MMAD 0.714 0.502 0.362 N/A

GSD upper 0.355 0.132 0.599 N/A

GSD lower 0.432 0.488 ND N/A

% device 0.608 0.042* 0.650 0.407

% oropharyngeal 
deposition

0.411 0.011** 0.252 0.595

n=5
* coated with two drops of silicone fluid 50 cs
‘ probability values from a t-test for statistical significant difference at a 95 % confidence interval.
* p<0.05 ♦♦p<0,02 ♦**p<0.001-statistically significantly different 
N/A - not applicable, i.e., can not be extracted from twin impinger results 
ND - not detected
%RM = % respirable mass
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Appendix IV Statistical analysis of aerosol deposition data

Table A4.2 Comparison o f the three impaction methods at 60.0 Lmiri

p  value*

Type of salbutamol sulphate

micronised spray dried

Batch X Batch Y Batch I Batch n

% respirable mass <0.001*** <0.001*** <0.001* 0.024*

%  ̂5.0 pm 0.093 0.625 <0.001*** 0.234

%  ̂6.4 pm 0.282 <0.001*** 0.001** <0.001***

MMAD <0.001*** 0.003** 0.073 0.011**

GSD upper 0.015** <0.001*** 0.070 0.070

GSD lower 0.690 0.798 0.526 0.377

% detected of nominal dose 0.009** 0.008** 0.004** 0.002**

% device retention 0.110 0.022* 0.008** <0.001***

% oropharyngeal deposition 0.013* 0.092 0.027* 0.378

n=5

* probability values from a one way (unstacked) ANOVA statistical test for significant difference at a 95% 

confidence interval.

*p<0.05 **p<0.02 ***p<0.001-statistically significantly different 

including twin impinger results
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Appendix IV Statistical analysis o f aerosol deposition data

Table A4,3 Comparison o f primary particle form  (micronised and spray dried)
using impaction methods at 60 Lmin'^

p  value*

Measured dependent

Inq)action method (60 Lmin'̂ )

Andersen cascade impactor MSLI Twin impinger

uncoated coated*

% respirable mass 0.027* 0.059 <0.001*** <0.001***

%  ̂5.0 pm <0.001*** 0.083 <0.001*** N/A

% i  6.4 pm <0.001*** 0.023* 0.001** <0.001***

MMAD 0.002* 0.653 0.527 N/A

GSD upper 0.632 0.890 0.086 N/A

GSD lower 0.150 0.001** ND N/A

% device retention <0.001*** <0.001*** <0.001*** <0.001***

% oropharyngeal 
deposition

0.001** 0.283 0.975 0.028*

n=5
* coated with two drops of silicone fluid 50 cs
* probability values from a one way (unstacked) ANOVA statistical test for significant difference at a 95% 

confidence interval.
* p<0.05 **p<0.02 ***p<0.001 - statistically significantly different 
N/A - not applicable, i.e., can not be extracted from twin impinger results 
ND - not detected
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Appendix IV Statistical analysis o f aerosol deposition data

Table A4.4 Comparison o f results obtained using the Andersen cascade impactor
at 60 Lmin^ (coated and uncoated plates) and at 28.3 Lmin'^

p  value*

Type of salbutamol sulphate
Micronised Spray dried

Batch X Batch Y Batch! Batch n

% respirable mass <0.001*** 0.003** <0.001*** <0.001***

% 5.0 pm <0.001*** <0.001*** <0.001*** <0.001***

% s, 6.4 pm <0.001*** <0.001*** <0.001*** <0.001***

% detected of nominal dose 0.212 0.02* 0.033* 0.005**

% device retention <0.001*** 0.002** 0.015** <0.001***

% oropharyngeal deposition 0.002** 0210 0.154 0.002**

% wall loss 0.034* 0.004** 0.044* <0.001***

n=5
♦coated with two drops of silicone fluid 50 cs
* probability values from a one way (unstacked) ANOVA statistical test for significant difference at a 95% 

confidence interval.
* p<0.05 **p<0.02 ***p<0.001 - statistically significantly different
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Appendix IV Statistical analysis o f aerosol deposition data

Table A4.S Results obtained using the Andersen cascade impactor at 60 Lmin'^ with
coated compared to uncoated plates

p  value *

Measured Dependent

Type of salbutamol sulphate

Micronised Spray dried

Batch X Batch Y Batch I Batch n

% respirable mass 0.859 0.525 0.022* 0.053

% Û 5.0 pm 0.865 0.143 0.170 0.041*

% £ 6,4 pm 0.179 0.200 0.146 0.030*

MMAD 0.168 0.888 0.310 0.017**

GSD upper 0.233 0.510 0.429 0.444

GSD lower 0.690 0.526 0.129 0.377

% detected of nominal dose 0.093 0.183 0.515 0.021*

% device retention 0.220 0.120 0.421 0.193

% oropharyngeal deposition 0.746 0.785 0.705 0.045*

% wall loss 0.134 0.166 0.255 0.024*

n=5
♦ coated with two drops of silicone fluid 50 cs
‘ probability values from a t-test for statistical significant difference at a 95 % confidence interval.
* p<0.05 **p<0,02 ***p<G.001 - statistically significantly different
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Appendix IV Statistical analysis of aerosol deposition data

Table A4,6 Effect o f carrier mesh size - results obtained using the M SLI and TI

p  value*

Measured dependent

Impaction method (60.0 Lmin ̂ ) used to test 1:3 
mixes of spray dried salbutamol sulphate and 80, 

200 and 450 mesh a-lactose monohydrate

MSLI Twin impinger

%  ̂5.0 pm 0.129 N/A

%  ̂6.4 pm 0.041* 0.079

MMAD 0.987 N/A

GSD upper 0.128 N/A

GSD lower ND N/A

% device retention 0.046* 0.001**

% oropharyngeal deposition 0.099 0.055

(MSLI, n=3: TI, n=4)
* probability values from a one way (unstacked) ANOVA statistical test for significant difference at a 95% 

confidence interval.
* p<0.05 ♦*p<0.02 ***p<0.001 - statistically significantly different 
N/A - not ^plicable, i.e., can not be extracted from twin impinger results 
ND - not detected
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Appendix IV Statistical analysis o f aerosol deposition data

Table A4,7 Comparison o f micronised and spray dried drug-carrier systems -
results obtained using the M SLI and TI

p  value*

Measured dependent

Impaction method (60.0 Lmin *) used to test 1:3 
mixes of spray dried and micronised salbutamol 
sulphate and 200 mesh a-lactose monohydrate

MSLI Twin impinger

% s. 5.0 pm 0.04* N/A

% s. 6.4 pm 0.19 0.006*

MMAD 0.082 N/A

GSD upper 0.002* N/A

GSD lower ND N/A

% device 0.043* 0.76

% oropharyngeal deposition 0.0008*** 0.516

(MSLI, n=3: TI, n=4)
* probability values from a t-test for statistical significant difference at a 95 % confidence interval, 
*p<0,05 **p<0.02 ***p<0,001-statistically significantly different 
N/A - not applicable, i.e., can not be extracted from twin impinger results 
ND - not detected
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Appendix IV Statistical analysis o f aerosol deposition data

Table A4.8 Comparison o f spray dried drug-carrier systems using the M SLI -
drug pre-equUibrated at 0 %RH and 23 %RH

p  value*

Measured dependent

MSLI (60.0 Lmin *) used to test 1:3 mixes 
of spray dried salbutamol sulphate (pre
stored at 0 %RH and 23 %RH) and 200 

mesh a-lactose monohydrate

% i  5.0 pm 0.036*

%  ̂6.4 pm 0.11

MMAD 0.15

GSD upper 0.084

GSD lower 0.53

% device retention 0.048*

(MSLI, n=3)
' probability values from a t-test for statistical signifrcant difTerence at a 95 % confidence interval. 
* p<0,05 - statistically significantly different
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