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Summary 

The principal aim of this study was to provide a more fundamental understanding of key 

particle and process characteristics on the efficiency and effectiveness of dry powders for 

inhalation therapy. 

Initial physico-chemical characterisations were carried out on both drug and excipient 

powders in order to provide the quantitative basis for subsequent work. A specially 

designed, modified centrifuge system was used to measure adhesion forces between drug 

and carrier particles. A series of specially constructed entrainment tubes and a fluidised 

bed generator were used to respectively study entrainment and fluidisation 

characteristics. Deposition characteristics of powder mixes were studied using a modified 

in vitro pharmacopoeia) method. The data obtained was used to develop hypotheses 

relating to particle interactions and their influences on dry powder inhalation-system 

performance. 

From such in vitro studies two key factors leading to increased drug deposition in the 

lung were identified: 1) Increasing percentage of powder removed from the delivery 

device, and 2) Increasing percentage of drug particles that separate from carrier particles. 

The percentage of powder removed from a delivery device was found to depend on the 

fluidisation and entrainment properties of the powder. For example, materials exhibiting 

Geldart group A fluidisation behaviour were found to produce lower powder removal 

percentages from capsules in a RotahalerTM than powders exhibiting cohesive or sand-like 

behaviour. 

The percentage of drug particles removed from carrier particles was found to depend 

both on the adhesion forces between the two particles, and on the removal forces 

developed in the powder bed during powder dispersion. Maximal drug removal was 

achieved using tri-component lactose carriers consisting of very specific combinations of 

fine, intermediate and coarse particle size fractions of lactose. The fine lactose 

component increased drug removal primarily by adhesion force reduction, whereas the 

packing density of the total mix was responsible for increased removal forces during 

powder dispersion. 
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1. GENERAL INTRODUCTION 



I. I. Introduction 

The delivery of medicinal substances directly to the lung has been advocated for 

centuries in the treatment of respiratory disorders [1]. More recently, the introduction of 

drugs to provide selective therapy or prophylaxis of respiratory diseases, combined with 

improvements in inhaler technology have resulted in inhaled medication becoming the 

delivery route of choice for respiratory disorder treatment [2]. Most drugs delivered via 

the inhalation route act locally within the respiratory tract, although the use of the lung 

as a route for systemic drug delivery is now generating considerable interest, particularly 

with respect to the delivery of peptides [3]. 

The pulmonary inhalation route of drug administration has several well recognised 

advantages over other routes of administration [4][5]: the drug is delivered directly to 

the desired site of action, allowing a rapid onset of action [6]; smaller doses are required 

for effective action [7]; and undesirable side-effects are minimised [8]. 

Traditionally, volatile ingredients were inhaled either directly as in the use of ammonium 

smelling salts or by adding the ingredients to hot water and inhaling the resultant vapour 

[9]. There are currently three types of device in widespread clinical use and which are 

designed to produce either liquid or solid particles within a certain size range [10] in 

order to deliver the appropriate dose of drug to the pulmonary tract. Historically, the 

first of these devices to be used to generate aerosol particle droplets, the nebuliser, 

operates by converting an aqueous solution of a drug into a mist of fine particles for 

inhalation. Nebuliser therapy is becoming increasingly popular both in hospital and the 

domiciliary setting [11], but due to the equipment's bulk and lack of portability its use is 

restricted to these areas. The introduction of pressurised aerosol inhalers in the late 

1950s was immediately well-accepted by patients, who welcomed the convenience and 

portability of these devices. In addition, the new pressurised inhalers were also liked by 

medical practitioners because of the advantages of small-dose topical treatment of 

airways obstruction [12]. More recently, the arrival of a third aerosol generator based on 
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dry powder inhaler systems has provided medical practitioners with a much wider choice 

with respect to the delivery device requirements of individual patients [13]. 

Today, pressurised aerosol inhalers are the most commonly prescribed devices. However 

over recent years, the interest in dry powder inhalers as a drug delivery system to the 

lungs has greatly increased due to clinical, environmental and health grounds [14]. It is 

now widely recognised that asthmatic patients have great difficulty in coordinating the 

actuation of pressurised inhalers with inspiration [15]. This coordination problem is 

alleviated in dry powder systems in which aerosolisation and inhalation are triggered by 

inspiration [16]. In 1976 Paterson and Crompton [17] found that 95% of a group of 

patients unable to use a pressurised aerosol inhaler could without difficulty use a 

SpinhalerTM, a particular commercial form of dry powder inhaler. 

After over 30 years on the market, pressurised aerosol inhalers still deliver only a 

relatively small portion of the aerosol dose to the bronchial and alveolar sections of the 

lung [18]. This is an inherent problem with pressurised systems which deliver the drug 

dose through the device actuator at high velocity, resulting in inertial impaction of high 

momentum drug particles on the oro-pharyngeal mucosa and other parts of the upper 

respiratory tract [19]. The plume sprayed from the actuator consists of drug particles 

suspended in propellant droplets. The longer the length of time after actuation the more 

evaporation of propellant and the smaller the droplet size. Newman et al [20] found that 

the deposition of pressurised aerosols in the airways depended mainly on the size 

distribution of the propellant droplets rather than on the drug particles themselves. 

Therefore, the larger the time difference between actuation and inhalation, the smaller the 

droplet size and the lower the levels of deposition in the upper airways. The presence of 

propellant also leads to a significant decrease in ventilatory capacity following inhalation 

in some asthmatics [21][22]. 

Some of the problems associated with pressurised aerosol inhalers have been alleviated 

with the invention of breath-activated propellant inhalers and with the use of spacer or 

extension devices placed between the inhaler and mouth of the patient [23][24]. 
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However, until the ozone-depleting health-affecting chlorofluorocarbon propellants used 

in these aerosols [25][26] are replaced by safer alternatives, the use of other delivery 

systems must be seriously considered for delivery of drugs to the lung [27]. The chemical 

and physical stability of dry powder inhalers makes this type of delivery system a 

preferable choice. 

Although the fraction of nominal drug dose delivered on each actuation from 

conventional dry powder inhalers is generally less than the fraction delivered from 

pressurised aerosol devices [28], it has been shown that drug deposition in the lung from 

a dry powder inhaler can be up to twice the dose as that obtained from a pressurised 

system [29]. Indeed Fuller and Collier [30] showed that up to 20 % of the dose of 

sodium dicromoglycate leaving the capsule in a SpinhalerTTM reached the respiratory 

sections of the lung. 

The delivery of powdered drugs to the respiratory tract is clearly a viable method of 

administration but requires greater understanding of inter-particle interactions which 

occur in both static and dynamic beds of powder. 

The primary objective in formulating a dry powder for drug delivery to the lung must be 

to enable discrete particles of drug to enter the airways during inspiration, and for these 

particles to remain chemically and physically stable until they reach the desired 

absorption sites. The drug particles must then remain at these sites, without being cleared 

into the oesophagus, so as to allow complete absorption to occur. It is considered that 

this objective may only be achieved with the joint optimisation of a dry powder inhaler 

formulation and delivery device. The reason for this view is that the powder - device 

interface is a key factor in determining aerosolisation efficiency in dry powder inhalers. 

The following sections detail some of the more important considerations in designing dry 

powder drug delivery systems to the respiratory tract. 
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1.2. Physiological Considerations 

The body has effective and efficient physical and biochemical defence mechanisms to 

prevent exposure to chemicals in the environment both through the skin and via the 

lungs. In the case of the lungs, an understanding of such defence mechanisms can act as a 

guide in the design of delivery systems. In this area, many studies of environmental and 

occupational airborne materials and their effects on lung functioning merit consideration. 

In general the barriers that must be overcome in delivering aerosols to the lung are those 

existing to prevent injury and promote efficient physiological functioning [31]. 

The physical characteristics of individual particles [32] and the physiological aspects of 

anatomy and physiology of the lung affect the levels of lung deposition [33][34]. The 

physical factors may be listed as particle size and distribution, density, shape and dynamic 

behaviour such as hygroscopicity [4]. Of these physical factors, the particle size is 

probably the most critical parameter for drug deposition in the respiratory tract [35]. 

A knowledge of the anatomy and physiology of the lung is vital to efficient drug delivery, 

and reviews of these subjects are provided by Williams et al [36], Chediak and Warner 

[37], and Marriott [38]. A review of the pathophysiological and disease constraints on 

aerosol delivery has been carried out by Gerrity [39]. 

The respiratory tract may be considered as consisting of three distinct regions or 

compartments identified by the Task Group on Lung Dynamics [40] as the 

nasopharyngeal, the tracheobronchial and the pulmonary regions. In general terms, it was 

shown that for nasal inhalation, particles of 5-10 pm or larger deposited primarily in the 

nasopharyngeal region, particles below 1 µm deposited mainly in the pulmonary region 

whilst particles between 1 and 5 µm deposited increasingly in the tracheobronchial 

region. For mouth inhalation, Gonda [41] developed a semi-empirical model of aerosol 

deposition in the human respiratory tract, and found that although mouth inhalation has a 

different characteristic deposition pattern to that of the nose, similar deposition affinities 
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could be calculated. It is now generally considered that 1-5 µm is the optimal particle 

diameter range for the delivery of therapeutic' agents to the tracheobronchial and 

pulmonary regions of the lung [31]. 

When considering the influence of particle size on lung deposition, the size of individual 

aerosol particles is usually expressed in terms of the aerodynamic diameter. This is the 

diameter of a sphere of unit density having the same terminal settling velocity as the 

particle being measured. Reviews on particle size measurements have been carried out by 

Allen [42] and Hinds [43]. 

The therapeutic effect of a drug may be correlated with the amount, or mass, of material 

reaching the site of action. Therefore, it is more appropriate to express particle size 

diameters in terms of mass. Thus, the particle size of materials intended for drug delivery 

to the respiratory tract is commonly expressed by their mass median aerodynamic 

diameters (MMAD). Finally the distribution around the MMAD of a log-normal function 

may be expressed in terms of the geometric standard deviation (GSD). 

The models for drug deposition proposed by Gonda [41] and the Task Group on Lung 

Dynamics [40] assume near monodisperse particles with GSD=1. An increase in the GSD 

would result in aerosols less sensitive to changes in MMAD resulting from manufacture, 

storage or generation, but would not achieve the maximum pulmonary and 

tracheobronchial deposition values as those obtained with more monodisperse aerosols 

[44]. 

There is a wide variety of methods available for measuring the particle size distribution of 

particulates [42]. The preferred methods for specific systems depend upon the powders 

being studied and the type of environment and use of the powder. 

The influences of particle length, diameter and aspect ratio (length to diameter) on 

deposition of particles in the respiratory tract have been assessed by Gonda [45]. He 

suggested that greater deposition occurred in the pulmonary region for particles which 

were needle-shaped than particles which were spherical. 
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Whilst the above particle sizes and shapes are desirable for drug powders having left the 

delivery device and travelling into the patients lungs, it is considered inevitable that 

particle agglomeration will occur in the delivery device. The following section examines 

the constraints placed on the formulator by the inherent properties of cohesive, fine 

particles. 
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1.3. Formulation Considerations 

1.3.1. Powder Flow Properties 

The previous section detailed the size requirements of drug particles to achieve 

satisfactory levels of deposition in the tracheobronchial and pulmonary sections of the 

lung. Particles of this size are thermodynamically unstable because they possess excess 

levels of surface free energy [46] and are therefore prone to cohesion and adhesion. 

Formation of cohesive or adhesive agglomerates has the effect of lowering the excess 

energy and producing more stable units. 

In 1964 Fuchs [47] recognised this problem when he reported that the direct use of dry 

powders in inhalation devices offered an alternative approach to drug administration but 

involved problems of powder fluidisation, flow, and dispersion, many of which would 

require further research. 

Bell et al [16] found that particles in the diameter size range required for deep lung 

penetration remained in a SpinhalerTM delivery device during inspiration, and maximum 

powder flow occurred from the SpinhalerTM with powder particles in the size range of 70 

- 100 µm with marked reductions occurring with both finer and coarser samples. Bell et 

al [16] also discovered that the mixing of cohesive drug particles with larger carrier 

particles significantly improved the flow properties of the mixture, and thus the removal 

of powder from the delivery device. 

The following sections examine the production of mixes containing fine drug particles 

adhered to larger carrier particles. The influence of electrostatic forces on final mix 

production, and the influence of adhesive forces on the removal of drug from carrier will 

also be discussed. 
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1.3.2. Mixing Theory 

General introductions on the subject of pharmaceutical powder mixing can be found in 

the books by Lachman, Lieberman & Kanig [48], Shotton & Ridgway [49] and Hamby 

[50]. Only those aspects of mixing relevant to dry powder drug delivery to the lung will 

be considered below. 

Generally, carrier systems used for dry powder drug delivery to the lung consist of 

medium sized (45-125 pm diameter) heterodisperse inert material, with low lung toxicity. 

The mixing of fine (1-10 pm) drug particles with these carrier particles produces a 

system often described as either ordered or interactive, but is probably more correctly 

described as adhesive. 

The phenomenon of ordered mixing was first described by Hersey [51], and was used to 

explain the mixing of cohesive or interacting fine particles with larger carrier particles. 

Travers and White [52] however, were the first to note how the adhesion of fine particles 

on to the surface of a larger crystal prevented the segregation normally associated with 

random blending of different sized powders. 

Unlike random mixing, ordered systems can theoretically achieve a perfect state where 

the standard deviation of the distribution of the fine material will be zero, providing the 

sample size is greater than a single ordered unit. This never occurs in practice due to 

errors associated with the sampling and analytical procedures. It has been found that as 

the particle size distribution of a carrier particle becomes wider, the tendency of these 

carrier particles to segregate increases [53]. Indeed, it is considered that carriers selected 

to produce homogeneous mixes will produce more reliable fluidisation and entrainment 

of powder mixes, and therefore more reproducible drug delivery. 

Yip and Hersey [54] used the concept of a universal homogeneity index to describe the 

effect of increase in carrier particle size on the homogeneity of a perfectly ordered mix. 

This homogeneity index, Hi, was defined as: 

H1 = -1ogWo 
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where Wo is the weight of a single ordered unit. Since the carrier particle size is large in 

comparison with the fine drug particles, the weight of a single ordered unit approximates 

to the weight of the carrier particle. This relationship shows that an increase in the carrier 

particle size from 300 to 655 pm, decreases the theoretical absolute homogeneity [54]. 

Therefore, it is considered that an increase in carrier particle size may inadvertently 

decrease the reproducibility of drug delivery to the lung. 

The areas on coarse particles which act as sites for drug adherence are called binding 

sites. An increase in carrier particle size increases the theoretical number of binding sites 

per particle, rf, from Hersey [51]: 

21r"(D+d)2 " f' , �o_ 'I - 3"d2 

where D is the coarse particle diameter, d is the fine particle diameter and f' is the 

fraction of fine particles not adhered to the carrier particles because of a shortage of 

binding sites. 

Inspection of this equation shows that an increase in the carrier particle size in theory 

produces an improvement in mix homogeneity. However, this equation does not apply to 

the whole system and does not account for non-stereometric particle interactions. 

Travers [55] found that some sites of adherence in an ordered powder mix were more 

firmly binding than others. Further, Lai and Hersey [56] found that competition for 

binding sites existed when a third component was added to an ordered mix. The ability of 

carrier sites to bind fine adherent particles was associated in Travers' study with plateaux 

on the coarse crystal particles where point charges accumulate. Clearly, the presence of 

different binding sites is important when considering dry powder inhaler formulation 

design since the selective targeting of drug particles to more weakly active adhesion sites 

may improve the removal levels of drug from carrier at or after the point of entrainment 

and hence, improve drug delivery efficiency to the deep lung. 
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Since the discovery of ordered mixing, most workers have concentrated on using the 

system to stabilise powder mixes [46]. In the case of powders used for delivery of drugs 

to the lung, the production of stable powder mixes are required for further processing, 

storage and transport. However, dry powders for inhalation have a second requirement, 

that the drug can be easily removed from the inert carrier surfaces during the inspiratory 

process. At first inspection these requirements appear mutually exclusive; however, it is 

hoped that consideration of the principles and processes involved could allow optimised 

drug delivery whilst minimising drug segregation. One aim of the present study is to 

further investigate such effects. 

Whilst adhesive interactions are considered predominantly responsible for producing 

ordered units of drug and carrier particles in mixes used for dry powder inhalation, the 

blending of ordered units themselves, each containing different numbers of adherent drug 

particles, are likely to be governed predominantly by other mixing mechanisms which 

describe the behaviour of particles such as random and non-random mixing. The theory 

of random mixing was the first attempt to scientifically describe the formation of blended 

powders from two-component powders. Random mixing is a statistical process in which 

the bed of powders is repeatedly split and recombined until there exists an equal chance 

of any individual particle being at any given point in the mix at any one time. Since, 
. as 

random mixing proceeds, the probability of locating a given particle at any point is 

described by a binomial curve, it is possible to determine statistically the quality of a mix 

according to its variance. Lacey [57] derived an expression to describe random mixing 

based on equidimensional particles, indistinguishable from one another except by 

properties not affecting their mechanical behaviour, such as colour. This is expressed 

mathematically as: 

QR = x"y/n 

where o is the variance of a theoretical random mix; x and y are the proportions of 

component powders and n represents the number of particles in the mix. 
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Other workers [58][59] modified this equation to account for the behaviour of mixes 

containing particles having a range of physical properties such as size, shape and density. 

The most widely accepted mechanisms of mixing are those outlined by Lacey [60]. The 

first mechanism is shear mixing which occurs when slip planes are formed in a powder 

bed causing bulk rearrangement of different sections within the mass. Diffusive mixing is 

the next mechanism, which is described as the distribution of particles over a freshly 

developed surface. In other words, it is the transfer of individual particles across shear 

planes and the percolation of fines through the inter-particle voids under the influence of 

gravity. The final mechanism is convective mixing which is described as the transfer of 

groups of adjacent particles from one location to another. In a real situation it is more 

likely that, although one mechanism may predominate, no one mechanism will be 

responsible for the formation of a random mix. 

Non-random mixing theory was developed to account for the fact that most practical 

powder mixes rarely, if ever, behave truly randomly. This theory accepts that the 

probability of finding any constituent particle in a mix is not equal. 

In powder mixes for drug delivery to the lungs it is unlikely that either random or 

ordered powder mixing exists alone; instead a dynamic equilibrium exists between them. 

Johnson [61] demonstrated that a real pharmaceutical powder mix owed its final 

homogeneity to a combination of ordered and random mixing, whilst Staniforth [62] 

derived a theory of "Total Mixing" to account for situations in which some particles of 

either component adhered to the other set of particles. It is considered that mixes 

produced for dry powder drug delivery contain particles mixed in a random, non- 

random, ordered, or partial ordered random configuration, or by any combination of 

these mechanisms. The type and proportion of these different components may have 

dramatic effects on drug delivery efficiency. For example, optimisation of these 

mechanisms may improve the removal forces produced within the powder bed during 

fluidisation and entrainment. Clearly, the effect of mixing mechanism on the drug delivery 
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properties of dry powder inhaler systems is poorly understood and will be examined later 

in this study. 

1.3.3. Electrostatic Charge Interactions 

Staniforth and Rees [63] showed that the stability of ordered powder mixes depended on 

the electrostatic charges developed on component materials during mixing, and proposed 

that the construction material of the mixing vessel could influence this electrostatic 

effect. Staniforth and Rees [63] also suggested that the reduction in ordered mix stability 

caused by the addition of magnesium stearate to a mix of salicylic acid and sucrose, 

could be explained by the electrostatic surface properties of the constituent powders. 

They further found that by selecting conditions of triboelectrification to produce the 

optimum interparticle attraction between drug and excipient particles, the stability of the 

ordered mixes could be enhanced. Other workers [64] have used contact potential 

phenomena to produce mixing devices based on electrostatics. 

As mentioned above, it is considered desirable that ordered mixes produced for use in 

pharmaceutical dry powder inhalers be stable during packaging, transport and storage, 

but easily disrupted during fluidisation and entrainment. Altering the construction 

material of the mixing vessel may influence the removal of drug from carrier during 

fluidisation and these effects will be examined in greater depth later in the study. 

Triboelectrification 

Triboelectrification or contact charging has been shown to be influenced by several 

factors, including particle size and shape, nature and work function of the contacting 

surface and particulate material, contact area, surface purity, and atmospheric conditions 

[65]. Although not fully understood, it is generally accepted that charging occurs by 

transfer of electrons between materials of different electrical properties [66]. 
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Electrically different materials with different work functions acquire a contact charge 

when the materials are placed in contact with each other. The work function of a material 

is the difference in the energy states between the outermost conduction band of electrons 

(i. e. the Fermi level) and some outside reference level (i. e. the vacuum energy level). A 

transfer of electrons occurs during contact between two dissimilar materials until the 

Fermi levels are the same, resulting in the production of a contact potential and 

electrostatic charge. 

Measurement of Electrostatic Forces 

A general review of electrostatic charge measurement has been published by Cross [67]. 

The electrometer is the principal instrument used to measure electrostatic charge. By 

measuring the voltage developed across one of a range of standard capacitors using an 

input amplifier, electrometers are able to measure the appropriate charge since the 

following equation, 

C=q/V 

relates capacitance, C, to charge, q, for a given voltage, V. Charges down to 

approximately 10-13 Coulombs can be measured in this way. 

Charge may be measured by connecting an electrometer to a Faraday Well. If a charged 

object, of any form or conductivity, is placed in the inner brass container of a Faraday 

Well, an equal and opposite charge is induced on the inner wall. This charge leaves 

behind an equal and opposite charge on the capacitor of the electrometer which can be 

measured to give the size of the charge inside the container. The specific charge can be 

determined by calculating the charge per unit mass of material being measured. 

Staniforth and Rees [63] used an electrometer connected across a Faraday well to 

measure the electrostatic charge induced on powders poured from containers constructed 

from different materials. Staniforth and Rees used their results, to construct tables 

containing materials arranged in order of increasing electropositiveness, called a 
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triboelectric series, which was used to predict the relative stabilities of different powder 

mixes. This method of particle charge measurement was further developed by Carter et 

al [68] to enable the measurement of charge and mass over unit time intervals. Using this 

technique, Carter et al [68] have shown differences between the charging mechanism for 

lactose in contact with two different metal surfaces. 

Kulvanich and Stewart [69] modified the Faraday well into an air stream Faraday cage, 

which was used to measure the average charge-to-mass ratio generated on the 

detachment of a drug particle from a carrier surface. They also showed that a good 

correlation existed between the total adhesion and the electrostatic charge produced on 

particle detachment [70]. Measurement of charge generated by the removal of drug 

particles from carrier systems may provide interesting information regarding the 

influences which are important for efficient drug / carrier separation. 

1.3.4. Agglomerate Properties 

The cohesive forces between drug particles, and adhesive forces between drug and 

carrier particles are probably the most critical factors with respect to the redispersion of 

micronised drug particles in inspired air [71]. During inhalation, drug particles are 

dispersed from cohesive agglomerates or from the surface of carrier particles by the 

energy of the inspired air flow [72] and it is this separation stage which is the critical 

phase with respect to drug response [16]. 

It is considered that clinically effective dry powder inhalations require a formulation 

which presents drug either as cohesive agglomerates or as an aggregate adhered to the 

surface of an inert carrier. Upon inspiration, these agglomerates or aggregates should 

break apart and present the drug as discrete particles for inhalation deep into the lung. 

Two factors involved in drug separation are the forces of adhesion and cohesion between 

the drug and carrier, and the force of removal generated during fluidisation and/or 

entrainment. It is considered that maximal drug separation would occur when the 

adhesive forces are low and the removal forces are high. 
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Newman ei al [73] found that an increase in the removal force by rapid inhalation 

through the TurbuhalerTM delivery device resulted in the deaggregation of particles of 

drug. Other workers have shown indirectly that increases in the forces of adhesion can 

reduce the levels of drug removed from the carrier during inspiration. For example Wong 

and Pilpel [74][75] showed that during fluidisation irregular fine particles adhered more 

firmly than regular ones to their carrier particles. Also Kassem and Ganderton [76] found 

that carriers with low surface rugosity appeared to redisperse the drug particles more 

effectively than carriers with high surface rugosity. It is therefore considered that the 

surface character of the carrier and drug, and the conditions of fluidisation, both play a 

significant role in deep lung penetration [77][78]. 

Whilst forces of adhesion have been measured for a number of years, there has been no 

application of the techniques to dry powder drug delivery systems, although comparisons 

can be made, which are discussed below. The following section addresses some of the 

more important issues with respect to inter-particle adhesion. 

1.3.5. Inter-Particle Forces 

The Theory of Particle Adhesion 

The production of ordered mixes requires adhesion between carrier and drug particles. 

The strength of these ordered units with respect to both product stability and efficient 

drug separation is extremely important. An understanding of the processes involved in 

particle adhesion may provide insight into how these adhesive units may be modified to 

optimise formulation and delivery device characteristics. 

An early, but excellent review of particle adhesion was published by Krupp [79]; other 

reviews have been produced by Rumpf [80] and Visser [81]. A review of the relevance 

of particle interactions in pharmaceutical systems was carried out by Stewart [82], 
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According to Krupp [79], the forces responsible for particle adhesion can be divided into 

three types. Type I are long range forces which include London van der Waals' forces 

and electrostatic (Coulomb) forces. Type II forces are short range and include chemical 

and hydrogen bonds. The final interfacial type III forces are found in processes exhibiting 

diffusion and condensation, diffusive mixing, and mutual dissolution and alloying. 

Some potential adhesive or cohesive forces responsible for ordered mix formation in 

pharmaceutical systems were described by Hersey [51]. These forces are summarised in 

Table 1 (after Staniforth [83]). A force balance exists at a given interparticle contact 

which will be influenced by both particle properties and the particle environment. For the 

ordered units in dry powder inhaler systems the particle diameter of the drug ensures that 

the van der Waals component of particle adhesion, will become significant. At low 

humidity conditions, contact or frictional electrification will also have increasingly 

significant effects, on both the production and stability of the ordered units. In contrast, 

elevated humidities will reduce the electrostatic component whilst increasing the forces 

due to the presence of adsorbed or condensed water layers. 

London - van der Waals' forces arise when the random movement of electrons in a 

material creates momentary areas of charge concentration called dipoles. At any instant 

these dipoles induce complementary dipoles in neighbouring material, which give rise to 

attractive forces. 

Hamaker's [84] original microscopic treatment of the van der Waals' forces assumes the 

additive nature of molecular forces and furnishes for each combination of matter the 

characteristic material value, the so-called Hamaker constant, A. A more accurate 

solution to particle adhesion was obtained in 1956 when Lifshitz formulated his 

macroscopic theory of attraction where the interactions were expressed as an 

electromagnetic radiation. Lifshitz's decisive material value is the Lifshitz - van der 

Waals' constant, 1iz, 3. 

17 



Adhesion Ordered unit Reference 
force 

London - Considered to contribute to most ordered units Staniforth et al. 
van der [85] 
Waals' 
forces 

Electrostatic Coarse saccharide-based carrier particles and Staniforth and 
force fine potassium chloride particles following Rees [63] 

triboelectrification 

Surface Coarse sucrose crystals and fine salicylic acid Stephenson and 
tensional or particles mixed at three different humidities Thiel [86] 
capillary 
forces 

Mechanical Highly re-entrant, macroporous lactose or Staniforth et at. 
forces glucose carrier particles and fine potassium [87] 

chloride particles 

Chemical No practical examples 
forces 

Table 1. Some examples of forces responsible for binding particles in ordered units 
(after Staniforth [83]) 

The force of adhesion per unit area according to both theories when measured between 

two planes is obtained from the adhesive pressure, Pl,,, as: 

P� _A vaw ýzo 6; r. zä 

where zo is the distance separating the planes. On condition that both theories coincide, 

the following equation relates the Lifshitz and Hamaker constants: 

huT= 
4; r A 
3 

Hamaker's theory also defined the attractive force which exists between sphere and plane 

and also between sphere and sphere. The Hamaker constant in these equations may be 

replaced by the more accurate Lifshitz constant. For all practical purposes the ordered 

mixes produced in dry powder systems for drug delivery to the lung approximate to the 
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sphere and plane model because of the large size difference between the drug and carrier 

particles. The force of adhesion between a sphere and plane, F j, is defined as: 

F1 =- 6zö -8 ; r. zo 

where R is the diameter of the sphere, or drug particle. For calculation purposes z° is 

normally taken to be 4x 10-10m from Krupp [79]. The surfaces of particles in real 

systems are rarely if ever perfectly smooth, and instead different degrees of roughness 

may be present. The van der Waals' adhesion equations may therefore be extended to 

account for extended contact, such that: 

_ 
AR Ap 

FAE 
6z2 

+6 
ýrsö 

r 

where FAE is the London - van der Waals' force for extended contact and p is the radius 

of inter-particle contact. 

In addition to the van der Waals' attraction, two materials in contact will develop a 

contact potential which in turn gives rise to electrostatic attraction. The potential 

difference, AU, arising from the equalisation of the work functions can lead to values as 

great as 0.5 V. The corresponding adhesive pressure Pel between two flat plates is 

calculated from: 

P. _ el 
2Zö 2 Eo 

so(DU)2 02 

where co is the permittivity of free space and c is the surface charge density. For a 

sphere interacting with a flat surface, the corresponding force is given by, 

F, = ; rso 
R(AU)2 

ZU 

These contact potential forces are considered to be very important in relation to particle 

adhesion in ordered powder systems and the production of charge on particles during 

mixing. Electrostatic charges are produced by interaction with the mixing vessel 
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construction material and give rise to another type of adhesion caused by Coulombic 

forces. If a charged particle is brought into contact with an uncharged surface, the 

charged particle induces an equal charge, but of opposite sign, on to the surface. This so- 

called image charge leads to an attractive force Fc of, 

F= 
Qa 

-c 
12 

where Q is the charge on the particle and 1 is the distance separating the charge centres. 

This equation is a simplification of the more general Coulomb's law, which gives the 

electrostatic force generated between two point charges, 

q, qa F`t 
47TEoErZ2 

where q,, q2 represent the amount of charge at the two points, s, is the relative 

permittivity of the two points and z is the distance separating the points. 

For particles less than 100 µm diameter, the van der Waals' attractive force is at least one 

order of magnitude larger than the electrostatic attractive force resulting from Coulombic 

forces [80]. Nevertheless, as mentioned earlier, Staniforth and Rees [88] have shown that 

electrification of powders by ionisation using a high voltage charge generator or by 

triboelectrification using a cyclone, can increase the stability found in ordered mixes. 

Force of Adhesion Measurements 

A method was developed by Krupp [79] to determine the forces of adhesion between 

fine spherical particles and plane metal substrates. Krupp mounted a gold or silver plate, 

covered in adherent fine metal spheres, vertically in a modified ultracentrifuge rotor tube. 

After rotation the number of metal spheres removed from the metal substrate were 

counted through a window in the cell, using a microscope. 

Krupp's centrifuge method was modified by Donald [89] to measure the adhesion of 

particles on bead surfaces using a two-compartment cell separated by a screen. The 
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adhesional characteristics of pharmaceutical ordered mixes have been investigated using 

such a centrifuge technique [85][90]. Unfortunately, the high centrifugal forces used in 

these techniques produce deformation of both the separating screen and the drug and 

carrier particles. Also, it is considered that the powder in the sample compartment is free 

to move around and rub against the separating screen, therefore increasing removal 

levels of drug. 

Laycock and Staniforth [91][92][93] attempted to overcome these problems by 

employing a thin brass plate containing small diameter holes into which ordered units 

were glued using an epoxy resin. The resulting plate was inserted into a centrifuge holder 

and the adhesion properties were studied visually using a camera connected to a digitiser. 

Although this technique allowed observation of individual drug particle removal, it 

unfortunately also suffered from carrier deformation problems. 

Kulvanich and Stewart [94] overcame problems of particle deformation by using a carrier 

system consisting of glass beads coated with hydroxypropyl methylcellulose phthalate. A 

compartmentalised centrifuge cell was used in their study. The technique was effectively 

used to describe the effect of process conditions on the adhesion profiles of drug to 

carrier particles. For example, Kulvanich and Stewart showed that both an increase in the 

blending time [95] and a decrease in the relative humidity during the blending process 

[96] produced an increase in the adhesive tendency of the system being studied. 

However, the systems measured using this technique are artificial and it is not possible to 

readily adapt the method to measure real systems. 

Adhesion Profiles 

The principle of adhesion measurement using the centrifuge technique depends on the 

induced centrifugal force detaching the particle from the substrate. The force of removal 

applied to the particle is directed outwards from the centre of rotation through the centre 

of gravity of the particle. Newton's second law gives the force, F acting on the particle, 

F=m. a+m. g 
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where m is the mass of the particle, a is the centrifugal acceleration and g is the 

acceleration due to gravity. The centrifugal acceleration can be calculated from, 

a= w2.1 and w= 
ý. S 
30 

where co is the angular velocity, 1 is the distance between the centre of the particle and 

the axis of rotation and S is the centrifugal speed in rev min-1. For wa "1»g, 

Fremoval =m w2.1 

where Fremova! is the removal force and co is the angular velocity at which the particle 

leaves the substrate. 

Analysis of particles removed from a carrier at different spin speeds allows an adhesion 

profile to be drawn. The shape of adhesion profiles is material and preparation 

dependent, as shown by the differing profiles found in the literature. Kulvanich and 

Stewart [94] found that the adhesion profiles for a variety of drugs adhered to coated 

glass spheres followed log normal distribution functions. In contrast, the work by 

Staniforth et al [85] showed a change in the shape of the adhesion profiles for salicylic 

acid adhered to a variety of excipient carriers. The initial phase showed rapid loss of drug 

powder from the carrier which was explained by the loss of free or weakly bound 

particles. Closer examination of these results by plotting the data on a log-probability 

scale showed that a two phase system exists with the second phase showing similar 

profiles to those produced by Kulvanich and Stewart [94], and Booth and Newton [97]. 

Modifications to the centrifuge cell which allow the study of powder mixes for dry 

powder inhalation may be found in section 3.3.. 

1.3.6. Fluidisation Properties 

Although studies of dry powder inhalers by Bell et al [16] and other workers [98] has 

shown that flow properties are the reason for differences in device emptying, no attempts 

have been made to correlate these findings with techniques specifically designed to assess 
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powder properties with respect to their interactions with each other and with air streams. 

The present study addresses these issues by examining both powder fluidisation and 

entrainment properties and relating these findings to in vitro deposition studies. 

The powders contained in dry powder inhalers are generally primed prior to inhalation by 

presentation to a section of the device through which the patient may inspire. For 

example, in the SpinhalerTM, the powder remains in a capsule until inspiration [16], 

whereas in a TurbuhalerTM, the powder is filled into a metering chamber prior to 

inhalation [98]. Therefore, different mechanisms may be involved in the removal of 

particles from different delivery devices. Whether or not fluidisation is one of these 

mechanisms, a study of the fluidisation properties of different powders should allow a 

greater understanding of the processes involved during the interactions of powders with 

air streams. 

Fluidisation is the process of passing air through a powder mass until expansion of the 

bed occurs and the powder behaves like a fluid. A recent review of powder fluidisation 

may be found by Howard [99]. Gravitational and fluid-dynamic forces are the opposing 

forces present during fluidisation, and these interact to produce a fluid-like state [100]. 

Other interactive forces present in fluidised beds include van der Waals', electrostatic and 

capillary forces, which together are responsible for the different fluidisation behaviours 

exhibited by different powders. 

Geldart [101] classified powder behaviour during gas fluidisation into four distinct 

groups: A, BC or D based on differences in the extent of bed expansion under different 

flow regimes. A brief description of these fluidisation groups is provided below. 

Group A 

Generally, Group A powders have small mean diameters and true particle densities less 

than about 1.4 g cm-3. Considerable bed expansion occurs before bubbles are formed 

which subsequently travel through the powder bed at a faster rate than the interstitial gas 
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flow. At high superficial gas velocities axi-symmetric slugging may exist. When the gas 

supply is turned off, the bed collapses slowly at a constant rate. 

Group B 

These powders have mean diameters in the approximate range 40-500 µm and true 

particle densities in the range 1.4-4.0 g cm73. In contrast to Group A powders, bubbles 

begin to form at or just above the minimum fluidisation velocity. The bed expansion is 

small with very little powder mixing. Slugging occurs at very high gas velocities; initially 

it is axi-symmetric but at higher velocities becomes asymmetric. When the gas supply is 

turned off, the bed collapses quickly. 

Group C 

These powders are cohesive and show very poor fluidisation. Bubbles do not form in this 

type of powder, and instead they are replaced by plugs and channels. The mixing of 

particles is extremely poor. These materials are generally smaller in size than Group A 

materials, and fluidisation is only possible with the inclusion of mechanical stirrers or 

vibrators. However, fluidisation of cohesive powders is possible if metal spheres of 100- 

140 µm diameter are included as the major component in the fluidised bed. This has been 

used to produce individual dust particles from the top of a fluidised bed [102], and may 

be used as a method of powder deagglomeration in pharmaceutical dry powder inhalers. 

Group D 

This group is not easily defined, but generally consists of large, very dense particles. Any 

bubbles formed travel more slowly than the interstitial gas velocity, and bed expansion is 

very low. 

Absolute differentiation of powders into one of the above groups is not always possible. 

For example, some powders show properties which have characteristics of both group A 

and group C behaviour. Geldart [103] showed that measurement of the Hausner ratio 
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was a good parameter for distinguishing the predominant behaviour. This ratio is defined 

as, 

pBT/pBA 

where pBT is the tapped, consolidated or packed bulk density of the powder bed, and p 

BA is the aerated, poured or fluff density of the bed. This ratio is very useful because it is 

not affected appreciably by the relative humidity at the time of the measurement [103]. 

Generally, powders with a Hausner ratio greater than 1.40 exhibit group C behaviour and 

those with a ratio less than 1.25 show group A behaviour. Materials showing 

intermediate properties between group A and group C tend to have Hausner ratios 

between 1.25 and 1.40 [103]. The measurement of tapped and aerated bulk densities 

provides another potential method for examining the properties of powders intended for 

dry powder inhalation and will be examined later in the study (section 2.1.6. ). 

The level of adsorbed water in a powder sample also has an effect on the type of 

fluidisation behaviour. It has been shown that the addition of small amounts of water to a 

group B powder can move its fluidisation through group A to group C type behaviour 

[104]. Indeed, the moisture content of ambient air can have an effect on the mechanical 

properties of a formulation in dry powder inhalers [105], and this may be due to its 

influence on fluidisation properties. 

Incipient Fluidisation and Bubbling 

The minimum fluidisation velocity for a powder is the minimum air velocity capable of 

supporting the weight of the powder bed. It may be calculated theoretically, but is often 

determined experimentally by measurement of the drop in pressure which occurs across a 

powder bed during fluidisation. At zero velocity no pressure drop is observed but, as the 

fluidising air flow is increased, the pressure drop increases until it reaches a plateau. At 

this point the bed of powder is fully fluidised. The present study does not include 
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measurements of the minimum fluidisation velocity because it requires the study of large 

beds of powder; this was not possible on the fluidised bed generator developed. 

Bed Expansion 

The expansion behaviour of powder beds at different fluidisation velocities is simply 

studied by bed height measurements. The bed expansion ratio, BE is defined as: 

BE=HYH0 

where HF is the height of the powder bed during fluidisation and Hp is the collapsed bed 

height. 

Group C materials expand due to the formation of cracks and fissures, which are 

continually destroyed and reformed by random bubble formation. Considerable bed 

expansion can occur. In contrast, Group A powders show expansion up to the point of 

bubble formation, followed by a slight contraction as the velocity is increased. This 

reduction in bed height is caused by the escape of bubbles from the top of the fluidised 

bed which remove air from the continuous phase for their own growth [106]. Therefore, 

there is a contraction of the continuous phase. The other powder types show less bed 

expansion. 

The addition of fine particles to a group A powder may either improve or worsen the 

fluidisation efficiency of a powder bed by either a spacing or bridging role respectively 

[100]. In the spacing role, the fines help to reduce the inter-particle forces by reducing 

the cohesive contact points, whereas bridging produces more cohesive agglomerates. 

The determinants of the predominating effects are the particle physical form and force 

interactions as they influence inter-particle friction. 

The influence of bed expansion on the suitability of a carrier for dry powder drug 

delivery will be studied in more detail in section 4.1.2.. 
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Bed collapse 

The rapid collapse of a powder bed when fluidisation ceases may be visualised using high 

speed photography. Initially, group C powders collapse rapidly due to the escape of air 

through large cracks. The collapse then proceeds more slowly and the powder bed may 

take several hours to become fully deaerated. Group A materials collapse at a constant 

slow rate, whereas Groups B and D collapse at much faster rates. 

A study of bed collapse will be investigated in section 4.1.2.. 

Entrainment From the Top of a Fluidised Bed 

Entrained particles represent that part of the powder which is removed from the powder 

bed and leaves the fluidised column with the air stream. The entrainment rate increases 

rapidly for all powder groups with an increase in fluidising velocity [107]; however, the 

entrainment flux is difficult to predict because the underlying principles are poorly 

understood. For example, as the mean particle size of a powder decreases, the level of 

entrainment increases at a given gas velocity. However, a point is reached when further 

lowering of the mean particle size produces a decrease in the flux. Hence, for cohesive 

powders it could be argued that the large interactive forces between particles is 

responsible for the low entrainment rate. Alternatively, this poor entrainment may be due 

to the poor fluidisation of these group C powders. The addition of fine particles to group 

A materials can produce a decrease in entrainment [107], whilst other workers have 

found [108] that the addition of fine particles to an adhesive mix did not result in either 

segregation or entrainment of the finer component. 

The entrainment of fine drug particles from the top of a fluidised bed will be discussed 

further in section 4.1.4.. 
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1.3.7. Entrainment Properties 

Entrainment may be defined as the capture and transport of particles by a fluid away 

from a static point. In dry powder inhalation systems the fluid is air. 

The entrainment of powder particles is of interest in many fields of powder technology, 

including those which involve characterisation of the movement of sand [109], soil 

erosion resulting from wind action, and the effect on environmental pollution of particle 

entrainment from stockpiles of waste powder [110][111]. A major area of interest in this 

field is the behaviour of suspensions of powder particles flowing through pipes [112]; for 

example in pneumatic transfer such as the loading of particles into fluidised beds. 

Pharmaceutical dry powder aerosols depend on the entrainment of the active drug, either 

with or without a carrier powder in the formulation. The extent of entrainment, and the 

regions in which particle collection occurs, are significant factors in determining the 

efficiency and effectiveness of the aerosol. For these reasons, a study of the principles 

involved in the entrainment both of one-component powders and of powder mixes is 

considered worthwhile in order to improve the delivery of the maximum amount of drug 

to the desired site of action in a reproducible manner. 

Fluid flow 

Fluid flow behaviour is described in detail in reviews by Hinds [43] and Duncan et al 

[113], and is described below insofar as it relates to work in the present study. 

The flow of air through a pipe is driven by the pressure differential along the length of 

the pipe. The average molecular velocity of air at 20°C is 46,000 cm s-1 [43]. Therefore, 

when a concentration gradient exists, the molecules in the air move extremely quickly to 

remove the gradient and re-establish equilibrium. 

Another important concept is the mean free path of a gas which exists because of the 

discontinuous nature of the gas, and is defined as the average distance travelled by a 

molecule between collisions with other molecules. For air at 1 atmosphere and 20° C the 
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mean free path is 0.066 gm. This property is important when considering the interaction 

of particles within a gas. 

The flow of fluids in pipes can be either laminar or turbulent in nature. Early 

investigators found that at lower fluid velocities, laminar flow existed in some pipes, but 

when the fluid velocity was increased, a point was reached when the flow became 

turbulent in nature. This transition from laminar to turbulent flow can be defined by a 

specific Reynolds number, a dimensionless quantity which is proportional to the ratio of 

inertial forces to frictional forces on the different elements of the fluid. It may be defined 

as, 

R _pYd f 
17 

where p is the true density of the fluid, V is the relative velocity between a fluid and an 

object, d is the diameter of the pipe or particle and q is the coefficient of viscosity for the 

fluid. Flow in pipes is laminar if the Reynolds number is less than approximately 2000, 

and turbulent for numbers greater than approximately 4000. In considering the flow of 

air around a particle, streamline conditions exist at Reynolds numbers less than 1. 

Laminar flow is characterised by a smooth set of streamlines. There is little mixing 

between the adjacent streamlines and any perpendicular motion which does occur is by 

Brownian motion. The velocity at the opening of a pipe is uniform if air enters the pipe 

under laminar flow. However due to frictional forces at the surface of the pipe due to 

dynamic fluid molecular adsorption and desorption at the pipe surface, a boundary layer 

begins to form. This layer is characterised by a slower air velocity. To compensate for 

this reduction in velocity at the pipe surface, an increase in fluid velocity is seen near the 

axis of the pipe. At a certain distance down the pipe, fully developed flow exists 

producing a parabolic velocity distribution where the maximum velocity is exactly double 

the mean velocity. The pressure drop is proportional to the rate of discharge from the 

tube. Hence, 
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where Q is the rate of discharge, k is a constant depending on the bore shape, (p, 
- p2) is 

the pressure drop along the length of the tube, d is the diameter of the bore, 1 is the 

length and 17 is the dynamic fluid viscosity. 

Turbulent air flow is characterised by a disruption of the streamlines resulting in eddies. 

Cross-current mixing readily occurs in this type of flow. In contrast to laminar flow, the 

velocity profile for turbulent flow depends on the Reynolds number. In addition, the 

velocity differences across the tube diameter are much less. Turbulent air flow also 

results in a viscous sub-layer next to the tube wall where laminar flow exists. However, it 

has been shown that occasional turbulent bursts occur from this viscous sub-layer [114] 

and are highly implicated in the removal of particles from surfaces, due to the large 

removal forces the bursts produce. 

Pharmaceutical dry powder inhalers are designed to produce turbulent airstreams in the 

device, thus promoting powder entrainment and deagglomeration. Interestingly, the 

trachea and bronchi contain turbulent air flow at peak inspiratory flow rates, whereas the 

lower airways show laminar air flows under all conditions [43]. Therefore, the 

orientation of drug particles in airstreams may have a dramatic effect on the delivery and 

deposition of drug to the lung. It has been found, theoretically, that particle orientation in 

laminar flow and 'weak' turbulent flow is generally structured with a preferred alignment, 

which is effectively destroyed in'strong turbulence [115]. 

Particle motion 

The principles of particle motion will be described based on work by Hinds [43], and 

which give a greater insight into the behaviour of particles in moving air streams. 

For particle Reynolds numbers greater than 1000 (Re>1000) Newton derived an 

equation to describe the motion of a sphere through a gas. The general form of Newton's 

resistance equation is, 
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FD = CD Ir gpgd 
sVz 

where FD is the drag force, CD is the coefficient of drag, pg is the gas density, d is the 

particle diameter and V is the relative velocity. 

Since most pharmaceutical dry powder systems contain particles of small size, and as 

relatively low velocities are involved, Newton's equation is not applicable. Stoke's law 

helps to describe particle motion where the inertial forces of the particle are negligible 

when compared to the viscous forces. Using the assumptions that the fluid is 

incompressible, the particle is a rigid sphere, motion is constant and that no other 

particles or walls are nearby, Stoke's law is defined as, 

FD =3mJYd 

This law has a maximum error of 10 % for particles with Re<l. The coefficient of drag 

over this region is, 
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Another important consideration for particles in the Stoke's region is the terminal settling 

velocity. This velocity is achieved when the drag force of the air on the particle is exactly 

equal and opposite to the gravitational force. For d >1 µm and Re <1.0 the terminal 

settling velocity, VTs becomes, 

PPd=g VTS 
_- 18 q 

This is only 10 % accurate for spheres of unit density over the size range 1.5-75 gm. For 

more accuracy it is necessary to include a slip correction factor. This is needed because 

very small particles, whose size approaches that of the mean free path of the gas, settle 

more quickly than one would expect. Hence Stoke's equation can be modified to, 

F -. -D 
CC 

3ni Vd 

where Cc is the correction factor. The terminal settling velocity can now be redefined as, 
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VTS = 
PPd agCc 

18rý 

So far the assumption has been made that the particles are perfect spheres. However, in 

reality this is rarely the case. When dealing with non-spherical particles it is possible to 

apply a correction factor called the dynamic shape factor. This factor is the ratio of the 

actual resistance force of the particle to that of a sphere having the same volume and 

diameter. Thus, the dynamic shape factor x is, 

_ 
FD 

X=- 37ri1Yd, 

where de is the diameter of a sphere having the same volume as the irregular particle. For 

non-spherical particles, Stoke's law becomes, 

FD =3 ; rr7Yd ýx 

and the terminal settling velocity is, 

VTs 
_ 

PP8 eg 
x 

The final parameter is the aerodynamic diameter, da. This is the diameter of a sphere of 

density 1000 kg m73 (equivalent to a unit density sphere in the cgs unit system) that has 

the same settling velocity as the particle in question. Hence, 

_ 
PPde S= Podä R VTS 
18 r7x 18 rJ 

This is a very useful concept because it suggests that particles with equivalent 

aerodynamic diameters should be aerodynamically identical. 

The entrainment of powders from pharmaceutical dry powder delivery devices, as well as 

from specially constructed entrainment tubes, will be studied in section 4.2.. 
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1.4. Delivery Device Considerations 

The efficiency of drug delivery to the respiratory sections of the lung is dependent on the 

dry powder device employed [116]. The design of dry powder inhalers has been shown 

to have a significant effect both on the emptying of any capsule present in the device as 

well as on the redispersion of the powder mixture [117]. 

Typically, dry powder devices contain mechanisms to deaggregate drug / carrier or drug 

/ drug particles. For example the first marketed device, the SpinhalerTM, contains a rotor 

set in a Venturi constriction which helps to disperse the powder by producing vibrations 

and turbulent air flow on inspiration [16]. Rapid inhalation through the TurbuhalerTM 

delivery device results in the deaggregation of particles of drug, mainly in the spiral 

channels in the inhaler mouthpiece [73]. Turbulent air flows produced in these devices 

are more effective than equivalent laminar flows for dispersing powder mixtures [118]. 

Another major determinant of the effectiveness of a dry powder inhaler is the air flow 

rate which the patient can achieve through the delivery device [119][120]. For example, 

Pedersen and Steffensen [121] showed that a fast inspiratory flow rate was responsible 

for higher levels of drug deposition in the lung in children using FenoterolTM powder 

inhalers. Also Pedersen et at [122] showed similar results with a TurbuhalerTM device 

[98]. 

The flow of air through a tube results in a pressure drop along the length of the tube. 

Hence, dry powder inhalers produce pressure drops which vary between different devices 

depending on the internal dimensions of the devices. Engel et al [123] found that when 

inhalation was performed through a TurbuhalerTM delivery device, maximum inspiratory 

flow rate was reduced to about 25 %. Nevertheless, Engel et al [123] found that virtually 

all adults with airways obstruction were able to achieve inspiratory flows through the 

TurbuhalerTM of 30 dm3 min'1 or more. In fact, inspiratory flows through the Turbuhaler 

TM varying from 34 to 88 dm3 min-1 resulted in comparable bronchodilation in stable 
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adult asthmatics. However, reducing the flow rate to approximately 34 dm3 min71 

produced slightly reduced side effects and lower plasma terbutaline concentrations [124]. 

Byron stated [71] that it was difficult to understand how dry powder devices could 

overcome the problem of producing a less than 5 µm diameter aerosolised powder for 

inhalation, without employing an additional high energy power source. Byrons 

hypothesis is based on current devices containing poorly optimised formulations. 

Systems of this type would probably require such additional energy to be taken from the 

inspiration event [125]. Therefore, it is considered that further studies are required to 

understand the relationship between formulations and delivery devices before potentially 

needlessly over-elaborate delivery devices are considered. 

The present study does not attempt to provide a comprehensive investigation of dry 

powder inhaler delivery devices. Instead, delivery device design criteria are discussed 

when relevant to the development of hypotheses used to describe the various phenomena 

discovered throughout the study. 
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1.5. Deposition Considerations 

The aim of drug delivery using dry powder inhalers is the deposition of a clinically useful 

number of discrete particles of drug in the lower lung, which may be studied 

quantitatively by the clinical response; for example, forced expiratory volume 

determinations. Alternatively, gamma scintigraphy techniques have been developed to 

monitor the regional deposition of radiolabelled materials in the lung. Most early studies 

of lung deposition were performed using non-medicinal particles due to difficulty in 

labelling drugs. For example, Newman et al [126][127] used Teflon particles labelled 

with 99mTc. 
i 

In 1987, Vidgren et al [19] developed a technique to study the deposition of drugs by the 

preparation of radioactive disodium cromoglycate particles using a novel labelling 

method based on spray-drying. Gamma scintigraphy of these inhaled particles indicated a 

bi-phasic exponential removal of disodium cromoglycate from the lung. The slow 

component had a half-life of 55 minutes; lung depletion being caused by drug dissolution, 

whereas the fast component had a half-life of 10 minutes, where removal was mainly due 

to mucocilliary clearance. Because of the combined effect of these rapid removal 

mechanisms, it was found that only a small amount of the drug remained in the lung 

[128]. 

Such techniques are invaluable in understanding drug deposition; however, they are 

costly and inappropriate as routine test methods for use in formulation studies and 

quality assurance testing. Therefore numerous in vitro methods have been developed to 

assess drug delivery efficiency in terms of quantifying potentially respirable fractions of 

the drug component. Martonen et al [129] found that under clearly-defined breathing 

conditions, there was a correlation between the nominal respirable fraction determined in 

vitro and drug deposition in the lung. For the purposes of Martonen's study, drug 

particles below 6.4 gm in aerodynamic diameter were considered 'respirable'. 
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In vitro methods may be divided into two main groups, the first of which attempts to 

simulate the respiratory system by imitation of the respiratory airways using metal, glass 

or plastic tubes [130][131]. However, much simpler techniques have been developed, 

based on size separation using cascade impaction [132]. Although, this method of 

analysis only separates particles by their impaction behaviour and not by the other 

methods of drug deposition found in the lung, namely sedimentation and diffusion [133], 

it has been found that reasonable correlation exists between in vitro and in vivo results 

[28]. Whilst other more elaborate methods have been used for aerosol size 

determinations, for example inertial spectrometry [134] and laser light diffraction [135], 

inertial impaction techniques are preferred due to their simplicity of use and lack of 

variability and economy. A review on the theory of inertial impaction may be found in the 

book by Hinds [43]. 

Impaction Methods 

Aerodynamic size distributions can be produced by operating several impactors in series, 

in a method called cascade impaction [136]. Each impactor is called an impactor stage, 

and these are arranged in order of cut-off size with the largest cut-off size first. The cut- 

off size is reduced in each successive stage by decreasing the nozzle size or the number 

of nozzles in each stage to increase the velocity of air flow. Analysis of each stage allows 

the mass fraction of particles within a certain size range to be determined. The 

assumption is generally made that each stage has the ideal cut-off characteristics. 

Cascade impactors have been used to assess the aerodynamic properties of 

pharmaceutical aerosols, for example, the eight-stage Andersen impactor [137]. 

However, although valuable, such methods are slow and tedious [138]. Therefore, the 

twin stage liquid impinger (TSI) was developed as a simple two-stage inertial separation 

device that divided the aerosol into a coarse oro-pharyngeal fraction and a fine 

pulmonary or respirable fraction [138]. The TSI was initially developed as a quality 

control tool for pressurised aerosol inhalers. However, it has also been found to be a 
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useful development tool for assessing levels of drug deposition in patients and is now 

used extensively for the development and quality control of both pressurised aerosol 

inhalers and dry powder inhalers [138]. The TSI is currently one of the devices of choice 

for pressurised aerosol inhaler quality control specified in both the British Pharmacopoeia 

[139] and the United States Pharmacopoeia [140]. 

The TSI has two stages, separated by a liquid impaction stage; this restricts access to the 

lower stage to particles below a critical diameter which are unable to remain entrained in 

the airstream. The critical diameter or cut-off size of 6.4 p. m was confirmed by Miller et 

al [141] after original work by Hallworth and Westmoreland [138]. 

There has been considerable debate over recent years about the choice of impaction 

device for the assessment of pharmaceutical aerosols. Neither cascade impactors nor the 

TSI have been shown to be ideal devices. For example, Gonda [44] stated that spray size 

characterisation from pressurised aerosol inhalers required a description of the size 

distribution, not merely a single summary statistic such as the mean size. This statement 

is important because the TSI is unable to measure spray size distributions [141]. 

However, unlike the cascade impactors, the TSI is specifically designed for 

pharmaceutical aerosol testing and contains a standard inlet sampling chamber or throat 

[142]. Although the TSI provides higher estimates for in vivo deposition of drug than 

cascade impactors [143][142], Phillips et al [143] did find the TSI capable of discerning 

between three salbutamol formulations in terms of respirable fraction and dose. 

There appears to be no published papers comparing the differing assessment 

requirements between pressurised aerosol inhalers and dry powder inhalers. The median 

droplet diameter and size distribution from the pressurised systems are time-dependent 

[18]; in contrast, the particle size of drug in a dry powder system is already accurately 

defined prior to use. Therefore, more time-consuming analytical methods such as cascade 

impaction may be inappropriate, and the simple TSI measurement of the respirable 

fraction may be all that is required. For these reasons the TSI was chosen as the 

assessment method in this study. Whilst the different assessment requirements of 
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pharmaceutical aerosols are clearly important, they 'are beyond the scope of this study 

and are recommended for future work. 

Flow Measurement 

The British Pharmacopoeia [139] recommends the TSI to be operated with an air flow 

through the apparatus, as measured at the inlet to the throat, at 60 ±5 dm3 min' 1. 

However, the presence of a delivery device may make the measurement of this flow rate 

problematical. For instance, it was discussed in section 1.4. above that different delivery 

devices may be expected to produce different pressure drops along their length. It is 

considered that placement of a dry powder inhaler in the mouth of a TSI would result in 

a change in the flow rate entering the apparatus, and therefore to inaccurate operation of 

the TSI. 
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1.6. Aims of the Study 

The main aims of the present study were to provide a more fundamental understanding of 

key particle and process characteristics on the efficiency and effectiveness of dry 

powders for inhalation therapy. The work has been set out in chapters which contain 

studies with specific aims within this framework. 

Chapter 2. Initial Characterisations 

Initial characterisations aim to provide an assessment of model drug and carrier system 

characteristics together with providing an improved flow metering system for twin stage 

impinger determinations. 

Chapter 3. A Study of Inter particle Interactions 

Homogeneous mixes between drug and carrier were produced and the effects of contact 

charging using different mixing vessel construction materials were studied with the aim 

of improving mix content uniformities, and powder dispersion characteristics. A 

technique was developed for assessing forces of adhesion between drug and carrier 

particles with the objective of improving drug / carrier separation during powder 

dispersion. 

Chapter 4. A Study of Particle Interactions with Air Streams 

A specially constructed fluidised bed generator was used to examine the fluidisation 

properties of carrier particles with the aims of assessing the interactions of powder 

particles with air streams and relating the different fluidisation behavioural types with 

powder dispersion characteristics in delivery devices. Also, specially constructed 

entrainment tubes were used with the aim of studying the air flow conditions required for 

powder removal from delivery devices, specifically with regard to providing information 
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on the relative importances of volumetric air flow rate, mean air velocity and Reynold's 

number. 

Chapter 5. In vitro Characterisations of Powder Performance 

The deposition characteristics of powder mixes were studied using a twin stage impinger, 

and were compared with the results obtained using the techniques developed in the 

previous chapters with the aim of providing a fundamental understanding of the 

processes involved in achieving high, reproducible drug delivery. More specifically, the 

objective was to develop a theory which accurately defined the criteria responsible for 

maximising removal forces and minimising adhesion forces during powder dispersion; 

thus, allowing the development of more efficient carrier systems for use in dry powder 

inhalers. 
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2CHARACTERISATIONS 



2.1. Physical Characterisations 

2.1.1. Introduction 

Micronised salbutamol sulphate was chosen as the model drug and a-lactose 

monohydrate was chosen as the model carrier. The concentration of salbutamol sulphate 

used throughout the studies was 0.8 %W/w. The materials were selected because they are 

in widespread clinical use, and also are used in the RotahalerTM, chosen as the model 

device later in the study. 

The following sections contain the basic techniques used throughout this study for the 

characterisation of both lactose carrier particles and the adhered salbutamol sulphate 

drug particles. 

2.1.2. Preparation of Different Carrier Size Fractions 

Materials 

The materials listed in Table 2 show all the grades of lactose and the batch of salbutamol 

sulphate used throughout this study. Subsequent references to these materials in later 

sections will be according to grade name followed by a list of size fractions, where 

necessary. For example, D30 lactose: 180-250 µm, refers to the grade of lactose 

(Crystalline lactose Ph. Eur. ) shown in Table 2 and the size fraction produced from it 

using the methodology described below. 
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Material Batch 

number 

Supplier Suppliers address 

Regular lactose 2411 Lactochem Saltney, UK. 

DMV325 lactose 19000 DMV Veghel, Netherlands. 
D30 lactose 307 Meggle Wasserburg, Germany. 
D10 lactose 306 Meggle Wasserburg, Germany. 
Microtose lactose 464 Meggle Wasserburg, Germany. 
G200 lactose 191 Meggle Wasserburg, Germany. 
Lactose fines unknown Rhone-Poulenc Dagenham, UK. 
Salbutamol sulphate 910119 Rhone-Poulenc Dagenham, UK. 

Table 2. Lactose and salbutamol sulphate grades and suppliers 

Method 1. Preparation of Carrier Size Fractions Using a Vibratory Sieve Shaker 

A vibratory sieve shaker (type Fritsch, Christison, Gateshead, U. K. ) with a set of I. S. O. 

standard brass test sieves (Endecotts, London, U. K. ) were used for preparing different 

size fractions of lactose. The sieves were assembled in ascending order of aperture 

diameter and about 20 g powder was placed on the top sieve. The powders were 

vibrated for approximately 10 minutes, the sieve fractions were discharged, and the sieve 

meshes were cleaned with a brush. This brushing stage was introduced to unblock the 

sieves and was not used to force material through the sieve mesh. The sieve fractions 

were then returned to the sieves from which they were originally removed and were 

vibrated for a further 10 minutes. The size fractions were then collected and stored in 

polythene bags under ambient conditions. 

The production of small diameter size fractions such as 45-63 µm requires reduced sieve 

sample masses and longer sieving times in order to ensure efficient and effective size 

separation. For this reason the sample size and vibration time were altered slightly for 

different size fractions [144]. 

The following size fractions were produced from three lactose grades: 

Regular lactose: 45-63,63-75,75-90,90-125,125-180, <125 and >180gm 
D30 lactose: 180-250µm 
D 10 lactose: 355-500,500-710, >710gm 

43 



2.1.3. Particle Size Analysis 

Introduction 

Aerodynamic diameters generally are measured by the use of impaction or impingement 

techniques. However, the Andersen Cascade Impactor which has been used for these 

type of measurements, is only capable of measuring particles less than about 10 µm in 

diameter [137]. Therefore, a laser light scattering (LLS) device was employed to 

characterise the complete size distribution including the coarse particle fraction. 

Although, laser light diffraction measures diameters by a different method from the 

cascade impactor, good correlations have been achieved between the two methods [145]. 

Materials 

Lactose and salbutamol sulphate batches described in section 2.1.2.. 

Method 1. Use of a Dry Powder Feeder 

The LLS (Malvern 2600 series, Malvern Instruments, Malvern, UK) was configured to 

be used in conjunction with a dry powder feeder. About 50 g powder was placed into the 

dry powder feeder. The laser was switched on and a background reading was performed. 

The feeder was switched on and the powder was fluidised and entrained into the air 

stream. The feed rate was adjusted until the concentration of powder in the laser beam 

was within the normal limits indicated by the instrument panel. The data were then 

collected and processed. 

Method 2. Use of the LLS small sample cell 

It was not always possible to measure the particle size distribution of powders using the 

dry powder feeder. In particular, particles less than 10 µm in diameter are very cohesive 

and may not be completely deagglomerated by the dry powder feeder system. Therefore 
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it was considered desirable to analyse the particles in a liquid environment, capable of 

deaggregating the powder prior to measurement. 

A 50 %v/v solution of petroleum ether in isopropyl alcohol was used as the suspending 

agent because salbutamol sulphate was practically insoluble in the mixture and it was 

found to produce a deflocculated suspension of salbutamol sulphate particles. The small 

sample cell was filled with the suspending agent. The laser was switched on and a 

background reading was measured. A few drops of the salbutamol sulphate suspension 

was added to the sample cell. The measurement routine was then executed. 

Results and Discussion 

A summary of the particle size diameters of the various grades of lactose is shown in 

Table 3. Figures 1-10 display the particle size distributions for different lactose size 

fractions and Figure 11 shows the particle size distribution for salbutamol sulphate. 

Consideration of the level of fines (% < 20 µm) contained in the Regular lactose size 

fractions shows an increase in fines with a decrease in the size fraction. This trend 

highlights the difficulties in achieving efficient size cuts for fine, cohesive materials. 

DMV325 lactose (figure 7) is manufactured to a narrow particle size distribution and 

contains negligible levels of finer material; and for this reason, DMV325 lactose is used 

throughout the present study as a reference carrier material. 

Throughout the present study, Lactose fines and Microtose are used interchangeably. 

Although small differences exist between the particle size distributions of Lactose fines 

and Microtose, it is considered that the differences are not significantly high to 

appreciably alter carrier performance characteristics. 

The particle size distribution for salbutamol sulphate in Figure 11 indicates the possibility 

of a bimodal distribution. The median equivalent volume diameter is 4.66 tm with 71 % 

of the particles by volume below 6.4 µm. As mentioned in the General Introduction 

(section 1.5. ), the twin stage impinger may be used to assess the respirable fraction of 
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drug [138]. The cut-off point for separation between stages 1 and 2 is 6.4 pm. In other 

words, 50 % by volume of particles less than 6.4 µm in diameter (MMAD) will reach 

stage 2. Clearly, the particle size of the salbutamol sulphate indicates that not all of the 

drug is capable of reaching stage 2 of the twin stage impinger. However, it must be 

remembered that the LLS method of particle size analysis does not produce a measure of 

the aerodynamic diameter, and assumes spherical particles. The electron micrographs 

produced in the next section (2.1.4. ) show salbutamol sulphate to be distinctly needle 

shaped and it may be this reason which accounts for the observed bimodal distribution. 

Interestingly, Gonda suggested [45] that greater deposition occurred in the pulmonary 

region for particles which were needle-shaped. Therefore, although the LLS diameter is 

higher than expected the actual MMAD may be somewhat lower as suggested by the 

electronmicrographs. 

An explanation for a bimodal distribution may be particle agglomeration; for example, 

Davies et al [146] showed particle aggregation to be responsible for apparently 

anomalous size analyses. Interestingly, Mullin and Ang [147] found that ultrasonication 

was capable of completely deagglomerating nickel ammonium sulphate particles; 

however, the materials in the present study were of a different chemical nature, and 

whilst every precaution was taken during the preparation of the samples, aggregation 

cannot be ruled out. 

The problems associated with the particle size analysis of very cohesive materials of 

irregular shape are now apparent. A full investigation of the particle size separation 

efficiencies of materials using impaction techniques is beyond the scope of this study. 

However for the comparative studies presented later, the separation efficiency of 

salbutamol sulphate using the twin stage impinger will be assumed to be equivalent for all 

formulations. 

The LLS used in the present study was unable to measure the particle size distribution of 

lactose samples greater than 355 µm in diameter because of restrictions placed on the 
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equipments optical bed length. Therefore, mean particle size diameters are not quoted for 

samples greater than 355 gm in diameter. 

Grade Size fraction Median particle Fines 

m size m (% <20 m 
Regular lactose >180 216.8 2.6 

125-180 155.7 1.5 
90-125 125.9 2.2 
75-90 87.1 6.4 
63-75 53.4 14.0 
45-63 36.4 21.0 
<125 62.4 17.0 

DMV325 lactose - 65.6 3.4 
Lactose fines - 12.6 75.0 
Microtose - 12.8 65.6 
G200 unsieved 26.5 34.0 

Table 3. A summary of the median particle size data for the different 
grades and particle size fractions of lactose 
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Figure 1. Particle size distribution for Regular lactose: >180µm sieve fraction 
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Equivalent volume diameter (µ m) 

Figure 2. Particle size distribution for Regular lactose: 125-180µm sieve fraction 
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Figure 3. Particle size distribution for Regular lactose: 90-125µm sieve fraction 
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Figure 4. Particle size distribution for Regular lactose: 75-90µm sieve fraction 
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Figure 5. Particle size distribution for Regular lactose: 63-75µm sieve fraction 
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2.1.4. Scanning Electron Microscopy 

Materials 

Lactose and salbutamol sulphate batches described in section 2.1.2.. 

Methods 

Samples were mounted on aluminium specimen stubs (JEOL, Tokyo, Japan) using 

double-sided adhesive tape and sputter coated with gold (Sputter Coater, Model S 150B, 

Edwards High Vacuum, Sussex, U. K. ). During coating, a vacuum of 6 mBar was drawn 

and a current of 20 mA at 1.4 kV was applied across the sample planchettes for five 

minutes. Scanning electron microscope studies (JSM 35C or JSM T330, Japanese 

Electron Optics Ltd., Tokyo, Japan) were carried out using an incident beam of 15 kV 

which was selected in order to avoid sample damage. 

Results and Discussion 

Figures 12-21 show the scanning electron photomicrographs of different lactose grades 

arranged in decreasing order of particle size. The largest lactose particle size grade, D10 

lactose, consists of agglomerated masses of smaller lactose particles granulated together 

to form individual particles containing large numbers of cracks and fissures. The other 

lactose grades consist of individual lactose crystals at different stages of development. 

Figure 17 shows a fully developed lactose particle exhibiting a characteristic 'tomahawk' 

shape. Studies on lactose crystal development may be found by Herrington [148], 

Michaels and Van Kreveld [149], and Staniforth [150]. 

Salbutamol sulphate particles are typically needle shaped as shown in Figure 22. 

Discussions on the shape and surface character of lactose and salbutamol sulphate 

particles and their influence on drug delivery to the lung may be found throughout the 

remainder of the study. 
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Figure 12. Scanning electron photomicrograph of unsieved D 10 lactose at low 

magnification. 

Figure 13. Scanning electron photomicrograph of unsieved 1)10 lactose at high 

magnification. 
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Figure 14. Scanning electron photomicrograph of unsieved D30 lactose at low 

magnification. 

Figure 1 5. Scanning electron photomicrograph of unsieved D30 lactose at high 

magnification. 
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Figure I6 Scanning electron photomicrograph of unsieved Ke-ular lactose at IoNN 

mag gnilication 

election photonucro-raph of unsieved Keoular lactose at hi-Ii 

ma-nitication. 
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t iý urc I8 Scannin-g electron photomicrooraph of unsieved UMV325 lactose at low 

magnitication 

t iýure N Scannin,; electron phutuniicru-raph of un5ieýecf 61U0 lactose at hiýh 

magnification. 
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Figure 20 Scanning electron photomicrograph of unsieved Lactose tines at high 

magnification. 

Figure 21. Scanning electron photornicrograph of unsieved Microtose at high 

magnification. 



Figure 22 Scanning electron photomicrograph of unsieved salbutamol sulphate at high 
nlagnltlcation 

2.1.5. True t)ensitý Measurements 

Al(IL'i Ui/J 

Salbutamol sulphate and Regular lactose 63-75µm (section 2.1.2. ) 

hfc'thocls 

The following procedures were performed under ambient conditions. A 50 cm3 specific 

gravity bottle was cleaned and dried. A sample of powder was placed into the tared 

bottle and accurately weighed. The bottle was carefully tilled using isopropyl alcohol, 

IPA (HPLC grade, Fisons, Loughborough, UK) and reweighed. The bottle was 

emptied, cleaned, refilled with isopropyl alcohol alone and reweighed. This final 

procedure was repeated using distilled water. The true density was calculated assuming 

the density of water to be lg cnr3. The true density of a second sample of powder was 



N 
measured using a second specific gravity bottle. The experiment was performed for each 

of the powder samples. 

Results 

The mean (n=2) true density of salbutamol sulphate was 1.32 g cm-3. 

The mean (n=2) true density of Regular lactose (63-75 µm diameter) was 1.57 g cm-3. 

2.1.6. Bulk Density Measurements 

Materials 

Regular lactose: 63-75,75-90,90-125,125-180 µm; D30 lactose: 180-250 µm; 

DMV325 lactose (65.6 µm) and Lactose fines (12.6 µm) (section 2.1.2. ). 

Method 

A known weight of sample was poured at a constant rate through a funnel into a 250 

cm3 measuring cylinder. The cylinder was placed on a jolting volumeter, Q. Engelsmann, 

Ludwigshafen am Rhein, Germany), which was operated for 200 taps. The volume of 

powder in the cylinder was measured both before and after tapping by taking the top and 

bottom of the powder slope and dividing by two. 

The experiment was performed twice for each sample of lactose. 
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Results and Discussion 

A summary of the results for different lactose samples is shown in Table 4. As a general 

guide, materials with Hausner ratios less than 1.25 are fluidisable in nature, whereas 

those with numbers greater than 1.40 are cohesive [103]. It can be seen that the top three 

materials in Table 4 are the most cohesive in the series which is clearly due to their 

smaller particle size. Interestingly, DMV325 lactose is not cohesive in nature although its 

median particle size, 70 gm, is similar to the median particle size of the 63-75 µm 

fraction. This apparent anomaly is probably caused by the absence of fine material in the 

DMV325 grade when compared to the amount of fines present in the 63-75µm fraction 

(Table 3). 

Lactose sample Hausner 

ratio 

Mean poured 
bulk density 

cm-3 

Mean tapped 
bulk density 

cm-3 
Fines (12.6 µm) 1.337 0.354 0.473 

63-75 µm 1.425 0.535 0.760 
75-90 µm 1.336 0.635 0.848 
90-125 µm 1.165 0.712 0.829 
125-180 µm 1.138 0.703 0.801 

180-250 µm 1.090 0.752 0.820 
500-710 µm 1.103 0.469 0.517 

DMV325 (65.6µm) 1.202 0.699 0.840 

Table 4. Summary of poured and tapped bulk density measurements for different samples 
of lactose. The values show the mean of two determinations. 

The effect of lactose particle size on powder cohesiveness can be seen in Figure 23. A 

decrease in the particle size of lactose results in an increase in the Hausner ratio, which 

reflects the increase in cohesiveness of the system. Figure 23 only shows data for the size 

fractions prepared from regular lactose because it was not possible to achieve a valid 

comparison with size fractions from other sources due to the influence of other 

micromeritic properties. For example, lactose manufactured at different times and by 

different suppliers will vary both in shape and surface roughness even for equivalent size 

fractions (see Figures 12-21 in section 2.1.4. ). 
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A similar investigation of the poured and tapped bulk densities of Regular lactose particle 

size fractions is shown in Figure 24. The poured bulk density appears to reach a 

maximum at 90- l 25 µm. Similarly a study of the tapped bulk densities for regular lactose 

size fractions produces a maximum value between 75-90 µm. 

It may be hypothesised that the efficiency of powder entrainment or drug removal from 

the surface of a carrier may be related to the packing arrangement in the formulation. 

High packed densities may be responsible for either improved or reduced efficiencies 

depending upon the relative effects of an increase in density on the formulation 

characteristics. "These effects are investigated later in the study (section 5.4.3. ). 

I"III 

63-75 75-90 90-125 125-180 

Lactose size fraction (µ m) 

Figure 23. The effect of lactose particle size on Hausner ratio. Each column shows the 
mean of two determinations. 
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Figure 24. The effect of particle size range on the poured and tapped bulk densities of 
lactose powder. Each column shows the mean of two determinations. 
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2.2. Chemical Analysis of Salbutamol 
Sulphate 

2.2.1. Introduction 

Generally, salbutamol sulphate is analysed using ultraviolet spectroscopic detection in 

high performance liquid chromatography techniques [151][152]. Other workers have 

used spectrofluorimetry in place of ultraviolet spectroscopy for increased sensitivity and 

selectivity [153][154]. In this study, spectrofluorimetry alone was used because speed 

and simplicity were the major requirements for the basic systems analysed. 

2.2.2. Spectrofluorimetric Analysis of Salbutamol Sulphate 

Materials 

Salbutamol sulphate (section 2.1.2. ). 

Two types of spectrofluorimeter were used throughout the studies reported below: a) 

Aminco-Bowman, Maryland, USA, fitted with an Aminco xenon lamp 
, and b) Shimadzu 

RF540 spectrofluorophotometer, Kyoto, Japan, fitted with an Ushio xenon short arc 

lamp. Two spectrofluorimeters were used because the studies were performed at two 

different research centres. 

Method 

The excitation and emission wavelengths of salbutamol sulphate were measured using the 

Shimadzu spectrofluorimeter. Wavelength scans were performed using basic machine 

configurations shown in Table 5 and a nominal salbutamol sulphate concentration of 250 

ng cm-3. 
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