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Abstract 

 

Abstract 

 

Candidate active pharmaceutical ingredients (APIs) are routinely tested to determine 

such parameters as physical stability, chemical stability, and bioavailability. 

Preformulation analysis of APIs does not currently attempt to determine whether they 

will perform to an acceptable level once they have been formulated. In practice, the 

APIs are subjected to extensive in vitro testing of their performance in a formulation, 

combined with optimisation of the formulation. This formulation testing is both time-

consuming and expensive. 

 

In the field of pulmonary drug delivery from dry powder inhalers (DPIs), the API has to 

be aerosolized effectively in order to penetrate the lungs and reach its deposition target. 

In a conventional ternary DPI formulation, the API is combined with carrier lactose and 

fine lactose particles. The inter-particle forces between these three components and the 

bulk properties of the formulation determine the structure of the formulation and the 

aerosolization performance of the API. 

 

In this study, physicochemical properties of salbutamol base and several of its salts were 

investigated both quantitatively and qualitatively. The in vitro deposition characteristics 

of the formulated APIs were also determined. The relationship between these parameters 

and the deposition was analysed to establish if a rapid preformulation screening 

technique could be applied to the APIs with respect to predicting the deposition 

performance of the formulated API. 

 

A clear relationship between the deposition of the unformulated API and the formulated 

API was observed that could be exploited as a screening technique. 
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Abstract 

 

A second relationship was also seen between the balance of adhesive and cohesive 

forces, measured by colloid probe atomic force microscopy, and the performance of the 

formulations. This analytical technique, with some development to speed up the 

production of suitable substrates, may also serve as a preformulation screening 

technique for APIs. 
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1 – Introduction 

 

1.1 General Introduction  

 

Salt formation is a simple means of endowing a drug with unique properties to overcome 

some undesirable feature of the parent drug in relation to its physicochemical, 

biopharmaceutical and processing properties. The importance of selecting the correct 

salt form at the initial stage of drug development is well recognised. In the context of dry 

powder inhaler (DPI) dosage forms, the selection of optimal salt forms may enable the 

optimisation of DPIs in terms of stability, processability, and performance, as suggested 

by Jashnani and Byron (1996). 

 

Traditional pre-formulation studies of candidate molecules for medicines involves an 

extensive series of investigations as defined by Akers (1976): 

 

“Pre-formulation testing encompasses all studies enacted on a new drug compound in 

order to produce useful information for subsequent formulation of a stable and 

biopharmaceutically suitable drug dosage form.” 

 

Currently, screening for optimal salt forms is based on physicochemical stability 

profiling. In the field of pulmonary drug delivery, because of the major challenges 

associated with depositing a drug in the airways of the lungs, a candidate drug that is 

deemed suitable for formulation by current screening techniques may provide 

downstream formulation and drug delivery concerns. If the chemical and physical data 

determined in pre-formulation screening were better understood in the context of 

formulation performance, these relationships could be used to predict performance as 

well as suitability of the drug for formulation. As a result, post–formulation screening 
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might be reduced, saving both time and the significant effort typically required in 

pharmaceutical development programmes. 

 

In order to optimise DPI aerosol dosage forms, the selection of salt forms in relation to 

DPI drug product performance may enable rapid and efficient screening of suitable 

active ingredient salt forms for development. It is widely accepted that the complex 

array of surface interfacial interactions that occur between components of a DPI drug 

product ultimately governs the performance of these dosage forms. Therefore, the 

surface interfacial properties of drug entities are a key functional property that governs 

the overall performance of DPI drug products. Hence, selection of drug salt forms on the 

basis of their interfacial chemical and physical properties with components of DPI 

products may enable the judicious selection of particular salt forms suitable for 

formulation development. 

 

This study aims to investigate the relationship between the surface interfacial properties 

of different salt forms of an active ingredient and their effect on the performance of the 

drug salt form in a carrier based DPI formulation. In view of this, the following sections 

in this chapter will contain a brief background to the anatomy and physiology of the 

lungs, particle deposition, and pulmonary drug delivery. Furthermore, an introduction to 

inter-particle interactions and their relevance in DPI formulations will also be explored. 

 

1.2 Physiology of the Lungs 

 

The lung is the primary organ of respiration in humans. A schematic representation of 

the human airways and the relationship with particle deposition is illustrated in figure 

1.1. From the trachea, the airways bifurcate repeatedly for more than 17 generations 

(Weibel 1963) before terminating in the alveolar sacs. The trachea, which is connected 

to the oral and nasal cavities by the oropharynx, divides into right and left main bronchi, 

which in turn bifurcate into narrower and shorter bronchi and bronchioles. The trachea, 
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bronchi and bronchioles are all together known, as the conducting airways, and their 

major function is to lead inspired air to the gas exchanging regions of the lung. The 

respiratory bronchioles and alveoli are the site of gas exchange, where the whole of the 

cardiac output supplies capillaries in the peripheral regions of the lungs via the 

pulmonary artery. The entire respiratory tract is lined with a continuous sheet of 

epithelial cells, which vary in type and function throughout the tracheobronchial tree 

(Jeffery and Li 1997). The main role of the epithelial cells is to separate the external 

environment from the internal environment of the sub-epithelial airway structures. This 

is achieved by mucus secretion and by the specialised tight junctions between the 

epithelial cells that limit the penetration of inhaled substances through intercellular 

channels into the sub-epithelial areas (Knowles and Boucher 2002). 

 

In addition to being a portal for the exchange of oxygen and carbon dioxide between 

inhaled and exhaled air, the lungs have evolved to protect the peripheral regions from 

deposition of airborne particles through a number of different mechanisms. With the 

movement of large volumes of air via the lungs, the respiratory tract is unavoidably 

exposed to a large amount of airborne particles. The human lung effectively filters over 

a billion particles each and every day (Lippmann, et al. 1980). These airborne particles 

include and are not limited to pollen grains, fungal spores, viruses, bacteria, diesel 

particulates and skin particles (Bascom, et al. 1996). The efficient protection against 

particulate material is a result of the physical structure of the lung, the internal surface 

coating of the bronchi and bronchioles with mucus, as well as beating cilia hairs, which 

constantly expel entrapped particles from the respiratory tract (Gurney 1991; Boucher 

1994). The cilia continually transport the mucus up the airways with a beating action, 

forming a mucociliary escalator that serves to remove deposited particles within the 

conducting airways to the pharynx where they are swallowed. The alveoli are connected 

to this clearance mechanism by macrophages that clear particles and migrate to the 

escalator (Gonda 1988). 
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Figure 1.1 Structure of the Lungs Showing the Branching Airways and their Approximate 

Diameters 

Adapted from the original image by H.L. Treusch, supplied by the U.S. National Library of Medicine, 

http://www.nlm.nih.gov 

 

1.3 Deposition of Particles in the Lungs 

 

Aerosol particles entering the lungs may be deposited in the airways by several 

mechanisms. These include impaction, sedimentation, diffusion, interception and 

electrostatic precipitation (Gonda 1988). Understanding the differences in these 

deposition mechanisms and how they may affect the performance of inhaled 

formulations is required to formulate successfully for delivery of drugs to the airways of 

the lungs. 
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1.3.1 Inertial Impaction 

 

Inertial impaction is the primary mode of deposition of larger particles in the upper 

airways of the lung (Hinds 1982). The collection efficiency via inertial impaction is a 

function of the aerodynamic diameter of the particle (Dae) and its velocity (v); Dae
2
v 

(Lippmann 1977). Thus, deposition predominantly occurs for large particles, when the 

gas airstream is fast, changing direction or turbulent. This mainly occurs at the 

oropharynx and bifurcations of the airways due to the change in direction of the airflow 

and in the larynx due to turbulence (Hinds 1982; Martonen and Yang 1996). 

 

1.3.2 Sedimentation 

 

For smaller particles, inertial impaction becomes less likely and the effects of gravity 

become more important as a deposition mechanism. The sedimentation deposition 

efficiency is a function of aerodynamic diameter (Dae) and residence time (t); Dae
2
t, and 

occurs where the air velocity in the respiratory tract is low and residence time is high. It 

is the principal deposition method in the bronchioles and alveoli (Hinds 1999). 

 

1.3.3 Diffusion 

 

Particles below 0.5 m in size are unlikely to be deposited in the respiratory tract by 

sedimentation during normal breathing but may be more strongly affected by diffusion 

(Brain, et al. 1985; Zeng, et al. 2001a). The particles are subjected to constant 

bombardment by air molecules giving rise to a random motion. This mechanism 

becomes dominant as the particle size approaches the mean free path of the air 

molecules. It is important for particles less than 0.5 m in size for their deposition in the 

respiratory portion of the lung. The efficiency of this deposition mechanism and that of 
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sedimentation is improved by high residence times (Hinds 1999) that may be facilitated 

by the patient executing a breath hold (Hatch and Gross 1964). 

 

1.3.4 Interception 

 

Deposition by interception typically occurs for particles that are of similar dimensions to 

the passageways they are transiting. This is of most significance for elongated particles 

(Timbrell 1965; Johnson and Martonen 1994), but typically of little significance for 

inhaled drug particles which are much smaller than the airways through which they 

travel (Zeng, et al. 2001a). 

 

1.3.5 Electrostatic Precipitation 

 

If the particles carry an electric charge, they may induce an image charge of opposite 

polarity on the inner walls of the airways. The resulting electrostatic attraction can lead 

to deposition (Chan and Yu 1982). Electrostatic repulsion of similarly charged particles 

may also result in their deflection towards the walls of the airways, increasing deposition 

(Chen 1978). 

 

1.4 Respiratory Drug Delivery Devices 

 

Three basic forms of respiratory drug delivery devices currently exist. The different 

types have distinct advantages and disadvantages that are outlined in this section. 
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1.4.1 Nebulizers 

 

Nebulizers typically consist of a reservoir containing a solution or suspension of drug 

connected to a facemask or mouthpiece through which the patient breathes normally. 

The drug-containing liquid is aerosolized by ultrasound or application of compressed 

gas. 

 

Nebulizers are both effective at delivering drug, and capable of delivering very large 

doses. However, they are typically bulky and the administration of the drug takes a 

relatively long time. Consequently, they are used in the home or in a hospital setting. 

Nebulizers do not compete directly with dry powder inhalers (DPIs) and pressurized 

metered dose inhalers (pMDIs) as portable delivery devices though recent developments 

have reduced their size and improved their metering and drug delivery rate (Dalby and 

Suman 2003; Smith and Parry-Billings 2003). 

 

1.4.2 Pressurised Metered Dose Inhalers 

 

Pressurised metered dose inhalers (pMDIs) also rely upon a suspension or solution in a 

reservoir of an inert propellant. The high vapour pressure propellant is sealed under 

pressure and upon activation; a metered quantity of liquid is released from the device. 

The depressurisation and rapid evaporation of the propellant produces the drug-

containing aerosol for inhalation. 

 

pMDIs remain the most popular drug delivery device for respiratory disease; they are 

both cheap and reliable as well as being portable and convenient for the patient (Smith 

and Parry-Billings 2003). 

 

Unfortunately, there are several drawbacks associated with pMDIs. The 

chlorofluorocarbon compounds formerly used as the propellant have recently been 
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phased out as they were implicated in atmospheric ozone depletion (Lu and Sanche 

2001). Their replacement, hydrofluoroalkanes, are greenhouse gases which contribute to 

global warming (Molina and Rowland 1974; Colthorpe 2003). One of the principal 

limitations of pMDIs is the requirement that the patient can co-ordinate device actuation 

with their inhalation because of the high exit velocity of the aerosol cloud (Pauwels, et 

al. 1997). Breath-actuated pMDIs and the use of spacer devices have assisted in 

reducing the issues associated with patient co-ordination. pMDI device performance is 

also subject to reduction as the device empties. 

 

Recent developments such as the Respimat® device aim to combine the benefits of 

pMDI with those of nebulizers and produce a convenient and easy to use device (Smith 

and Parry-Billings 2003), though since they do not contain a pressurized liquid, they 

qualify as a new form of device – a liquid dose inhaler. Although these new liquid dose 

inhalers may challenge dry powder inhalers in terms of functionality and ease of use, 

because they require wet formulations, it is likely that there will continue to be a need 

for dry powder inhalers where chemical or physical stability of the active 

pharmaceutical ingredient is adversely affected in a wet environment. 

 

1.4.3 Dry Powder Inhalers 

 

Dry powder inhalers (DPIs) were developed to provide an alternative to both nebulizers 

and pMDIs, specifically to overcome the problems of high payload delivery associated 

with the latter. These devices are typically as portable and easy to use as pMDIs but 

since the aerosol is typically produced by the inspiration of the patient, there is no co-

ordination issue (Cochrane, et al. 2000; Epstein, et al. 2001). 

 

Furthermore, DPIs do not require the use of propellants, removing the cost associated 

with the generation, transport, and storage of the propellant and their unwanted 

environmental impact. Although DPIs produce an aerosol whose properties are 
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dependent upon the device and patient‟s inspiration, the high delivery velocities of 

pMDIs limits the control of the delivery profiles of inhaled drugs (Gonda 1988). 

Furthermore, while pMDIs are currently limited to delivery of less than 1mg of active 

material, DPIs can deliver much higher doses and are consequently more versatile 

(Ganderton  and Kassem 1992). For pMDIs, the active component is either in solution or 

suspended in a liquid medium. A dissolved drug may come out of solution and 

precipitate within the device due to a number of environmental influences. Suspended 

drug particles may also deposit on the inner walls of the device or the larger particles 

may grow at the expense of smaller particles via an Ostwald ripening process (Hickey 

1992). These influences will ultimately affect the deposition of the drug in the lung. In a 

dry formulation, these problems can be avoided. The chemical stability of a drug in a dry 

environment is also likely to be greater than in a liquid environment, particularly upon 

the addition of a polar solvent, which is a common practice in both solution and 

suspension based pMDI preparations (Hickey 1992). 

 

Successful deposition of drug particles into the lung requires the delivery of particles 

with a mass median aerodynamic diameter (MMAD) less than 5 µm (Heyder, et al. 

1986; Timsina, et al. 1994; Prime, et al. 1997). Control of particle size of medicaments 

to be delivered by DPIs is typically achieved through high-energy micronization 

techniques (Thibert and Tawashi 1999) although other technologies, e.g. spray-drying 

(Seville, et al. 2002) and supercritical fluid technologies (Shekunov, et al. 2003) have 

been evaluated. However, respirable sized particles exhibit high surface free energies, 

which leads to particle aggregation, poor flow and entrainment properties making re-

dispersion of the drug a difficult process (Feeley, et al. 1998). 

 

The most common method employed to solving the problems associated with cohesive 

respirable powder materials is to formulate the drug with an excipient, traditionally α-

lactose monohydrate (Bell, et al. 1971). The micronized drug is blended with carrier 

particles of a much larger size range (usually 20-100 µm), whereby the drug particles 

form an interactive mixture with the surfaces of the coarse lactose particles (Ganderton  
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1992). The turbulent airflow generated within the device upon forced inspiration should 

be sufficient to fluidise the formulation from the device and to de-aggregate the drug 

particles from the carrier particles (Telko and Hickey 2005; Shur, et al. 2008). The drug 

particles are then entrained into the airstream, which enables the drug particle to enter 

the lungs. The carrier particles are subsequently deposited in the oropharynx of the 

patient. Although high levels of turbulence are required to be engineered into the device 

for efficient deaggregation (Louey, et al. 2006), there is a need to balance the resistance 

of the inhaler to the airflow through the device to the flow rate that produces optimum 

drug delivery via the patients inspiration (Crowder and Hickey 2006). One way to 

provide high levels of turbulence without imposing large increases in airflow resistance 

is the use and placement of grids of varying mesh sizes (Helgesson, et al. 2003; Telko 

and Hickey 2005). 

 

There are currently three types of DPIs available on the market: single-dose, multidose 

and reservoir based devices (Prime, et al. 1997; Malcolmson and Embleton 1998; Smith 

and Parry-Billings 2003). Early DPI devices were all unit-dose systems and were 

dependent on loading and triggering procedures. The Spinhaler
®

 and Rotahaler
®

 are two 

early examples of DPI technologies. Both utilise pre-metered doses packed into hard 

gelatin capsules although different mechanisms of powder delivery and power 

technology were employed (Vidgren, et al. 1987). 

 

Multidose pre-metered DPIs include the successful Diskhaler
®

 and Diskus
®

 devices 

from GlaxoSmithkline (GSK). The Diskhaler
®
 employs individual doses contained 

within blisters (4 or 8 blisters) on a disk. On actuation, a needle pierces the upper and 

lower surfaces of a blister. As the patient inhales, the contents of the blister are dispersed 

into the airstream. The drug particles dissociate from the carrier and a fraction is 

delivered to the lung. On re-priming the device, the disk rotates to expose the next blister 

to the piercing needle (Prime, et al. 1997). The Accuhaler
®

 DPI device also produced by 

GSK, retains the blister pack and unit-dose approach of the Diskhaler
®

, but has the 

advantage of holding additional doses. The pack consists of a coiled, double-foil strip of 
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60 blisters, each containing one dose of drug powder formulated with a lactose carrier 

(Malcolmson and Embleton 1998). 

 

Reservoir DPIs contain all the doses in a bulk reservoir, with each dose being dispensed 

from this by manipulation of the device prior to inhalation (Smith and Parry-Billings 

2003). The first device employing a multi-dose reservoir was the Turbuhaler (Newman, 

et al. 1991). The dose is metered into conical cavities by rotating the base of the inhaler. 

The inhaled airstream dislodges the drug from the cavities and dispersion continues in 

the inhalation channels, which are helical to induce turbulent flow (Helgesson, et al. 

2003). A desiccant is employed to ensure that the powder reservoir remains dry during 

the shelf life of the inhaler. Other examples of reservoir DPI devices are the Easyhaler
®

 

(Ranbaxy, UK Ltd), Clickhaler
®

 (Vectura plc, Chippenham, UK) and Pulvinal
®

 (Chiesi 

Farmaceutici SpA, Parma, Italy). 

 

Recently, a new generation of DPI devices (Aspirair®, Exubera®) have been developed 

that do not rely upon the patient‟s inspiration to produce an aerosol. These are usually 

referred to as active DPIs. 

 

The particle size of the drug referred to in this thesis will typically refer to the mass 

median aerodynamic diameter (MMAD), defined as the diameter of a spherical particle 

of unit density (1 gcm
-3

) that exhibits the same terminal settling velocity as the particles 

in question. 

 

1.5 Salt Forms of Active Pharmaceutical Ingredients 

 

Salt formation is a well-known approach to modify and optimise the physicochemical 

properties of an ionisable pharmaceutical compound. The aqueous solubility of an acidic 

or basic drug as a function of pH dictates whether the compound will form suitable salts 

or not, and if salts are formed, what some of their physicochemical properties might be. 
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Historically, limited attention has been paid to the selection of optimal salt forms for 

pharmaceutical development. At the beginning of drug development programs, salts 

were often selected based on ease of crystallisation, cost of raw materials and no 

systematic studies to evaluate their physicochemical properties, such as physical and 

chemical stability, processability into dosage forms, solubility and dissolution rate at 

different pH conditions were conducted. If a salt was later found to be sub-optimal for 

the desired formulation or if problems developed, it was often difficult to change the salt 

form without delaying the drug development program, since it was required to repeat 

most of the biological, toxicological, formulation and stability tests that had already 

been performed. For most practical purposes, identification and selection of salt forms of 

active ingredients remains a trial and error process. 

 

Physicochemical properties such as solubility, dissolution rate, hygroscopicity, stability, 

impurity profiles, and crystal habit can be influenced using different salt forms of a drug. 

Even polymorphism issues can be resolved in many cases by formation of salts. The 

crystal structure of a salt is usually completely different from the crystal structure of the 

conjugate base or acid and also differs from one salt to another. The modification of 

physicochemical properties, primarily solubility and dissolution rate, may also lead to 

changes in biological effects such as pharmacodynamics and pharmacokinetics, 

including bioavailability and toxicity profile. The primary interest in salt formation is 

that with the progress in medicinal chemistry and, especially due to the recent 

introduction of combinatorial chemistry and high-throughput screening in identifying 

new chemical entities, the solubilities of new drug molecules have decreased sharply. As 

the discovery of molecules with poor-water solubility increases, careful attention must 

be paid to identification and selection of optimal salt forms for development. 

 

In the context of DPI dosage forms, Jashnani and Byron (1996) suggested that it might 

be possible to optimise DPI formulations by selecting salt forms that altered an 

undesirable property of the drug product. Jashnani and Byron (1996) studied salbutamol 

base, sulphate and two other salts: the adipate and stearate which were employed to alter 
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the sensitivity of the drug product to environmental moisture. The study concluded that 

salbutamol stearate, the most hydrophobic salt, emptied and aerosolized best from the 

inhaler and showed least sensitivity to temperature and humidity. Furthermore, the study 

highlighted that drug salt forms can be utilised to modify the physicochemical properties 

of actives, such that an undesirable attribute of the drug product is changed. Whilst the 

work of Jashnani and Byron suggested that the performance of a DPI dosage form could 

be modified through drug salt form selection, there remains a paucity of data identifying 

the relationship between the physicochemical properties of different salt forms of the 

same drug and DPI drug product performance. While it is well known that the surface 

interfacial properties of components of DPI drug products control the overall 

performance of these dosage forms, there remains little understanding of the surface 

properties of salt forms of a drug and their corresponding performance in DPI 

formulations. 

 

1.6 Inter-Particle Forces 

 

The forces experienced between particles in dry powder inhaler (DPI) formulations will 

ultimately determine their aerosolization behaviour. Modifying these interactions by 

particle processing or changing the surface chemistry via the crystal structure will affect 

the deposition performance of the formulations and must be taken into consideration in 

selecting suitable candidates for formulation development. 

 

Particle interactions that occur as consequence of long-range attractive forces, with 

intermolecular binding energies less than 40 kJ.mo1
-1

, are much weaker than short-range 

interactions, such as ionic or covalent bonding (Johnson 1996). These long-range forces 

can be classified as either cohesive, between particles of similar size and the same 

chemical structure, or adhesive, between particles of different materials (Johnson, et al. 

1971; Tabor 1977). Hence, a powder is said to be cohesive when the component 

particles tend to stick to one another; the interaction forces between these particles are 
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termed „cohesive forces‟. Similarly, a particle is adhesive when it readily adheres to the 

surface of an object of larger dimensions; the interaction forces are then termed 

„adhesive forces‟. When gravitational forces acting upon these particles become 

negligible then either the cohesive or adhesive forces become dominant (Tabor 1977), 

this occurs when the dimensions of the particulate materials become smaller than 10 µm 

(Derjaguin, et al. 1978). Respirable powders fall into this category, and much work has 

been done to quantify the cohesive and adhesive forces that exist in such systems (Cline 

and Dalby 2002; Begat, et al. 2004a). 

 

The interactions between particles may be a result of a number of concurrently acting 

forces or mechanisms, such as van der Waals, electrostatic, capillary forces and solid 

bridging (McFarlane and Tabor 1950; Johnson, et al. 1971). Since pharmaceutical solids 

are often insulators, particles are likely to retain a charge during the powder handling 

process (Staniforth and Rees 1982). Charged particles will exert either an attractive or a 

repulsive force on adjacent particles and surfaces depending upon the degree of 

triboelectrification and their ability to accept or donate electrons. Uncharged particles 

also interact with each other due to attractive dispersive forces (van der Waals forces) 

(Castellanos 2005). 

 

When condensation of water from the atmosphere occurs between solid-solid interfaces, 

particle interactions due to the presence of capillary forces arise. These forces, resulting 

from the surface tension of the adsorbed liquid layer, may dominate over other forces if 

there is sufficient liquid to form a meniscus layer between the particles (McFarlane and 

Tabor 1950; Price, et al. 2002). 

 

1.6.1 Lifshitz - van der Waals Forces 

 

The Lifshitz - van der Waals forces are dominant when small particles are very close 

together. For a spherical particle and a flat surface (used as an approximation to a 
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micronized particle and carrier particle surfaces), the van der Waals interaction (Fvdw) 

can be calculated as (Hamaker 1937): 

 

Equation 1.1  
2vdw

6
 F

z

AD
  

 

where A is the Hamaker constant, D is the diameter of the sphere and z is the separation 

distance. The Hamaker constant is determined by the molecular properties of the 

interacting materials such as atomic density, polarizability, the frequency of the 

interacting electronic oscillators and the dielectric permittivity of the medium in which 

the measurement is made. 

 

For two similar sized spherical particles (e.g. two micronized drug particles), the 

interaction is: 

 

Equation 1.2  
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where D1 and D2 are the diameters of the two particles. 

 

It is clear from these two equations that as the separation distance between the 

interacting bodies increases, the force between them will decrease rapidly. 

 

1.6.2 Electrostatic Forces 

 

Electrostatic charges on particles typically arise due to contact and tribology induced 

electrification. This is likely to occur in the processing of pharmaceutical powders 

during milling, sieving, blending, filling, or any other operation that involves the 

movement of powder. Typically, this will result in particles having the same polarity 

charge and they will repel one another (Whelan and Hodgson 1978). 
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The Coulombic force, Fe, between two charged particles may be calculated as 

(Israelachvili 1992): 

 

Equation 1.3  
2

21

4 d

qq
Fe


  

 

Where q1 and q2 are the charges on the particles,  is the dielectric constant of the 

medium between the particles, and d is the distance of separation. 

 

If a charged particle approaches an uncharged one, an opposing image charge may be 

induced on the second particle providing another mechanism whereby electrostatic 

forces can be generated in a powder. In this case, as the charges are of opposite polarity, 

the particles will experience an attractive force. 

 

1.6.3 Capillary Forces 

 

Capillary forces occur when vapour (typically water) condenses onto the surface of 

particles. The capillary force, FC, between a spherical particle and a flat surface may be 

calculated as (Zimon 1982): 

 

Equation 1.4   cos4 rFC   

 

Where r is the radius of the particle,  is the surface tension of the liquid, and  is the 

contact angle between the liquid and solid surfaces. The amount of water adsorbed onto 

the particulate surfaces is dependent upon the relative humidity of the environment and 

the hydrophobicity of the solid surfaces. This force dominates at high levels of relative 

humidity (> 65 %) but may be of limited influence below 50 % relative humidity (Zeng, 

et al. 2001a). The effect is also modified by the hydrophilicity of the contacting 

materials, with the capillary forces being stronger with more hydrophilic materials 
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(Zeng, et al. 2001a) due to the increased likelihood of water condensation from the 

atmosphere. 

 

1.7 Factors Influencing Inter-Particle Forces 

 

The inter-particle forces outlined in section 1.5 are influenced by many physical factors 

such as particle separation, relative humidity, and the crystalline structure of the 

particles involved. Changing these factors can modify the performance of a formulation 

and should be considered in advance of formulation preparation. 

 

1.7.1 Particle Size and Shape 

 

The van der Waals forces are directly proportional to the particle diameter, whilst 

gravitational forces are proportional to the cube of the diameter. Thus as particle size is 

reduced, the adhesion forces experienced by a particle become more and more 

significant when compared to the gravitational forces to which they are exposed (Visser 

1995). For particles smaller than approximately 10 µm, adhesive forces dominate 

gravitational forces, which explains the cohesiveness and poor flowability of fine 

respirable powders. 

 

Electrostatic and van der Waals forces both decrease as a function of the square of the 

separation distance between particles. Additionally, the range over which the latter 

exerts its influence is only ~10 nm. Thus, any effect of particle shape on inter-particle 

distance may significantly influence particle interactive forces (Johnson, et al. 1971). 

For instance, small, non-interlocking surface asperities which increase the separation 

distance between particles will reduce the force of adhesion upon contact (Johnson, et al. 

1971). When the asperities are of the order of 1 µm, the separation distance will be 

large, thereby limiting the van der Waals attractions to almost zero (Castellanos 2005). 
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Alternatively, flat elongated particles pack closely and will, therefore, experience 

increased inter-particle adhesion due to their reduced separation distance and increased 

inter-particle contact area. The packing of such particles depends on their process 

history, however, in the absence of handling they tend to loosely pack together giving 

rise to higher separation distance and reduced area of contact leading to a reduction in 

their adhesive interactions (Valverde, et al. 1998).  

 

1.7.2 Surface Roughness 

 

The effect of surface roughness on adhesion is dependent on the relative roughness of 

the contacting surfaces and the resulting geometry of the contact between the surfaces 

(Fuller and Tabor 1975). If the roughness of a substrate is of a smaller scale than the size 

of the adhering particle, the contact area between the particle and the surface will be 

decreased and the separation distance increased when compared to adhesion to a flat 

surface, resulting in decreased inter-particle forces (Johnson, et al. 1971; Fuller and 

Tabor 1975; Johnson 1996). When the roughness of substrate is on a larger scale than 

the adhering particle, the situation is reversed. In addition, mechanical interlocking can 

occur, resulting in increased inter-particle forces. 

 

1.7.3 Relative Humidity 

 

Inter-particle forces are influenced by relative humidity in two ways. As relative 

humidity increases, the conductivity of interactive particles also increases and this 

accelerates the dissipation of electrostatic charges on the particles (Byron, et al. 1997). 

The increasing humidity may also increase the amount of water condensed at contact 

points between particles and increase the size of the capillary forces between them 

(McFarlane and Tabor 1950; Price, et al. 2002). Several studies have shown that 
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increasing relative humidity increases the inter-particle forces seen in DPI formulations 

(Braun, et al. 1996; Geuns, et al. 1997; Podczeck, et al. 1997b; Price, et al. 2002). 

 

1.7.4 Crystallinity 

 

The crystalline nature of the particles (and thus, the chemical functionality of the 

surfaces) under study may vary according to several factors and hence may affect the 

interactions seen. 

 

Flow properties of the particles are likely to be affected by their crystal habit, as it will 

have an effect on the gross morphology that they exhibit. This, in turn, will affect the 

intrinsic flow properties of individual particles as well as the flow of the particles in 

bulk. 

 

1.7.5 Polymorphism 

 

The possibility of a molecule exhibiting more than one crystal form is critical to the 

control and processing of pharmaceutical products. The unexpected appearance of a new 

crystalline form (a polymorph) can be a scientific, industrial, or commercial disaster. 

Significant changes to the physicochemical interactions may be seen between two or 

more polymorphs, consequently it must be ensured that the processing of a well-defined 

polymorph is processed reproducibly to ensure the predictability of performance 

(Danesh, et al. 2000). The influence of polymorphs on particulate interactions is an area 

not well understood. 
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1.7.6 Surface Free Energy 

 

The surface free energy from a solid material is described as the energy required to 

produce a unit area of surface and is analogous to the surface tension of a liquid 

(Johnson, et al. 1971). Unlike liquids, the molecules of a solid are not free to move; 

therefore, surface free energy is not uniform over a surface and depends on the history of 

the material (Johnson 1998). The quantity of work required to separate two surfaces is 

called the work of adhesion (Wa) and is related to the surface free energy of the surfaces 

by the following equation: 

 

Equation 1.5  )( 1221   sa AW  

 

Where sA  is the area of surface produced by the separation, 1  and 2  are the surface 

free energies of the two surfaces and 12  is the interfacial free energy of the contacting 

surfaces. Therefore, it follows that the work of cohesion (Wc) (i.e. the work requires to 

separate two surface of the same material) is shown by: 

 

Equation 1.6  
12 sc AW   

 

The thermodynamic work of adhesion and cohesion is directly related to the force of 

adhesion and cohesion and is critically dependant on the surface free energies of the 

interacting particles (Johnson, et al. 1971). 

 

1.8 Factors Affecting Particle Resuspension 

 

Particle resuspension is, at its simplest, the separation of closely associated particles. In 

the process of particle resuspension, the drag force generated by the relative motion of a 

surrounding fluid (e.g. air) overcomes the force between adhering surfaces. 
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Resuspension can be categorized by either a force balance model or an energy 

accumulation model. External energy transmitted to the system can come from different 

sources, for example, the energy of a laser beam absorbed by the substrate or by the 

particle. Another source of energy, frequently used for resuspension of particles, is the 

flow energy of the fluid over the particle. Typically in DPIs, flowing gas is utilised as 

the primary energy source for particle resuspension. 

 

Three models of inceptive motion leading to particle resuspension have been proposed 

(Wang 1990): 

 

1. Lift-off, when the normal component of a force applied to an adhered particle 

surpasses the pull-off force, the particle will be lifted from the surface. 

 

2. Sliding, when the tangential component of an applied force surpasses the total normal 

force multiplied by a coefficient of static friction, the particle will begin to slide and thus 

be resuspended. 

 

3. Rolling, when the total torque about a point on the edge of the contact circle is equal 

to zero, the particle will begin to roll around that point and thus be entrained from a 

surface. 

 

Ibrahim, et al. (2003) observed particle detachment and measured flow velocities 

required for different modes of detachment. In each of three cases (referred to as SS70, 

GL72, and GL32) they found that the flow velocity required for direct particle lift-off 

was higher than that for sliding and both sliding and direct lift-off required an order of 

magnitude higher flow than a rolling mode. These results are summarised in table 1.1. 
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Detachment Mode SS70 (ms
-1

) GL72 (ms
-1

) GL32 (ms
-1

) 

Direct Lift-off 58 77 133 

Sliding 41 58 94 

Rolling 3 7 14 

Table 1.1 Threshold Flow Velocity for Detachment for Microspheres 

Reproduced from Ibrahim, et al. (2003) 

 

Since the rolling mode of detachment is likely to be the most important, the factors 

likely to influence this process are Young‟s modulus of elasticity (section 1.8.1) and 

contact geometry (section 1.7.2). 

 

1.8.1 Young’s Modulus of Elasticity 

 

Young‟s modulus of elasticity is a measure of a material‟s resistance to elastic 

deformation. The force required to separate contacting particles is not dependent upon 

the Young‟s modulus of either material. However, in a rolling detachment process, the 

frictional force between particles will be dependent upon the contact area, which, in turn 

is affected by Young‟s modulus. 

 

Young‟s modulus of elasticity is defined by equation 1.5: 

 

Equation 1.7  

L
L

A
F

strain

stress
E


  

 

where E = Young‟s modulus of elasticity 

F = normal force applied 

A = the initial area over which the force is applied 

ΔL = change in length 

L = initial length 
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Young‟s modulus is also of importance in the processing of materials, specifically 

micronization to produce inhaleable particles (Taylor, et al. 2004c). A highly elastic 

material will not easily be size-reduced, as the particles will tend to deform reversibly 

rather than crack on collision with other particles or the milling media. 

 

The value of Young‟s modulus for a material is highly dependent upon the crystal 

structure of the material and is affected by level of defects and dislocations within the 

lattice. A slowly crystallised material with relatively few defects will tend to have a 

lower Young‟s modulus than the same material produced via rapid crystallisation (Liao 

and Wiedmann 2005). 

 

1.9 Surface Characterisation Tools for Investigating 

Interfacial Properties 

 

Given the importance of inter-particle adhesion to the performance of DPI formulations, 

there is a requirement of analytical tools that enable direct and/or indirect measurements 

of surface properties and particle-particle interactions. A number of different techniques 

have previously been used to quantify particle-particle or particle-surface adhesion in 

air, including centrifugal detachment, aerodynamic detachment, impact separation, 

vibration, and microbalance techniques. In addition, to these techniques a number of 

other tools have been recently investigated to determine the relationship between particle 

surface interfacial properties and dry powder inhaler (DPI) formulation performance, for 

example, centrifugal methods and colloid probe atomic force microscopy (AFM). The 

following sections introduce some of these techniques and their application for 

investigating surface interfacial properties of pharmaceutical materials. 
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1.9.1 Centrifugal Methods 

 

Centrifugal methods examine the forces between particles and flat surfaces. The 

equipment consists of a centrifuge, which has been modified by the introduction of 

specially manufactured adapters, in which disks of material, with particles added onto 

the top, can be placed. A typical centrifuge experiment begins with the disks being 

placed inside the adapters, with the particles placed facing the centre of the centrifuge 

rotor. This allows a press-on force to be applied. Following this, the number of particles 

on the disk is counted and the disk is then placed in the centrifuge again, although this 

time the disk is facing outwards. The removal force is then applied (Podczeck and 

Newton 1995). The detachment force (Fdet) applied is directed through the centre of 

gravity of the particle, outwards from the centre of rotation (Kulvanich and Stewart 

1987) and is described by equation 1.8: 

 

Equation 1.8  

2

det .. rMF p  

 

where Mp is the particle‟s mass, r is the distance from the axis of rotation to the particle 

and ω is the angular velocity (Booth and Newton 1987). The centrifuge system has been 

used to study a number of different pharmaceutical systems. Lam and Newton (1993) 

used it to examine the effect of time on the press-on force of particles of PEG 4000 and 

Starch 1500 against a steel surface, whereas Podczeck, et al. (1997a) used it to compare 

the effects of particle on compressed disk of material to particle-on-particle experiments. 

The centrifuge and impaction approaches to particle measurements have many 

advantages. They provide data regarding the bulk, integrated effects of physical and 

environmental variation of particle adhesion, are of low cost, and are simple and 

accessible. However, the main disadvantage is that due to the large-scale nature of the 

measurements, it provides limited information on individual particle interaction 

(Podczeck and Newton 1995). However, the ability to generate data regarding single 
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particle events has been facilitated by the introduction of scanning probe microscopy, 

particularly the colloid probe atomic force microscope (AFM) technique. 

 

1.9.2 Scanning Probe Microscopy 

 

Scanning probe microscopy (SPM) is the name given to a range of techniques which 

involves the formation of images and acquisition of surface property data from a range 

of physical, optical and chemical interactions between a sharp proximal probe and a 

surface (Shao, et al. 1996; Vansteenkiste, et al. 1998). Scanning tunnelling microscopy 

(STM) was the first in a series of high-resolution SPM techniques (Hansma and 

Pietrasanta 1998). STM relies on the use of an atomically fine tip that is brought into 

very close proximity to a conducting or semi-conducting surface (Yip 2001). A bias 

potential is applied across the gap and a tunnelling current measured. The tip is then 

rastered over the surface to build a map showing the local density of states, commonly 

giving a topography image. Binnig and Rohrer received the Nobel Prize for Physics after 

inventing STM instrument in 1982, where they showed an atomically-resolved gold 

surface (Binnig, et al. 1986). A fundamental disadvantage with STM is the inability to 

image insulating specimens, such as biological materials and polymers. In 1986, atomic 

force microscopy (AFM) was invented; this circumvented the need for conducting 

surfaces by measuring forces, rather than tunnelling currents, between the probe and the 

surface (Binnig, et al. 1986). AFM has quickly become a routine microscopy technique, 

offering many advantages, such as minimal sample preparation, the non-requirement for 

high-energy electron beams or high vacuum conditions. 

 

1.9.2.1 Atomic Force Microscope 

 

In the AFM, a sharp, pyramidal tip mounted on a cantilever, which is brought into close 

contact to the surface where the intermolecular forces acting between the tip and the 

surface cause the cantilever to bend (Yip 2001). Topographical images of the surface are 
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obtained by recording the cantilever deflections, as detected by a laser beam focused on 

the top of the cantilever tip, as the sample is scanned beneath. The AFM can be operated 

in air or liquid environment, which has been made possible by the development of AFM 

wet cells (Traini, et al. 2005). The AFM has three main parts: cantilever, scanner and 

optical deflection system consisting of a laser diode and photodetector (figure 1.2). 

 

 

Figure 1.2 Schematic Diagram of an Atomic Force Microscope 

 

The cantilever is usually microfabricated from silicon nitride (sometimes silicon, for 

stiffer levels) with typical dimensions that are 100 – 300 m in length, 10 – 30 m in 

width and 0.5 – 3 m in thickness (figure 1.3). 
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Figure 1.3 Dimensions of the Tip and Cantilever of an Atomic Force Microscope 

 

Very small deflections of the cantilever are amplified by a laser beam that reflects off 

the end of the cantilever onto the photodetector, which senses the changes in the position 

of the laser beam (Yip 2001). A four-quadrant photodetector gives the opportunity to 

measure both normal bending and torsion of the cantilever, corresponding to normal and 

lateral forces (Young, et al. 2003). 

 

The sample is mounted via a sample holder on to the AFM scanner, which consist of 

piezoelectric ceramics that move the sample relative to the cantilever in three 

dimensions (x, y and z directions). In the contact mode of operation, the tip and sample 

are placed in contact and the tip is rastered across the surface resulting in a topographical 

image of the surface. The scanning is done under feedback control where the sample is 

moved towards or away from the cantilever during the scan to maintain constant force 

on the sample surface. Hence, the scanner retracts if the tip moves over a high feature or 

towards the cantilever over low features. This up and down motion of the sample is 

therefore a record of the sample topography (Hansma and Pietrasanta 1998). 

 

1.9.2.2 Colloid Probe Atomic Force Microscopy 

 

Soon after the invention of the AFM it was used routinely for force mapping with 

colloid probes (Ducker, et al. 1991). Data from the force-distance curves generated have 

been utilised to study interfacial particle interactions and to characterise material 

properties such as elasticity and the coefficient of friction. 
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The principle of the colloid probe technique is the same as standard AFM as outlined 

above, except that the sharp tip is replaced with a colloid probe attached to the end of the 

cantilever. In force measurement mode, the sample is moved up and down, by applying 

a voltage to the piezoelectric translator, onto which the sample is mounted, while 

recording the cantilever deflection. The deflection of the cantilever is normally 

measured using the optical lever technique. A beam from a laser diode is focused onto 

the end of the cantilever and the position of the reflected beam is monitored by a 

position sensitive detector. The backside of the cantilever is usually covered with a thin 

gold layer to enhance its reflectivity. 

 

Analysis of a typical force measurement (with reference to figure 1.4): 

 

1. Initially, the probe and substrate have a large separation distance and 

there is no interaction, so no displacement of the cantilever is recorded. 

2. As the substrate approaches the probe, the presence of long-range 

electrostatic forces can be evaluated. In the example shown, there is an 

electrostatic repulsion between the probe and substrate leading to the 

cantilever being deflected away from the surface. 

3. As the separation between the probe and substrate decreases, the short-

range, attractive van der Waals forces overcome the repulsion and the 

probe jumps into contact with the substrate. 

4. The probe and substrate are pressed together with a pre-set compressive 

loading. 

5. The substrate is subsequently withdrawn from the probe until they are 

pulled apart. The point at which this happens corresponds to the adhesive 

force and the area between the curve and the zero interaction level can be 

integrated to give the energy of adhesion. 
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Figure 1.4 The Generation of a Force-Distance Curve in Colloidal Probe Atomic Force 

Microscopy 

 

The direct result of such a force measurement is the detector signal in volts, ΔV, versus 

the position of the piezo Δzp, normal to the surface. To obtain a force-versus-distance 

curve as depicted in figure 1.4, ΔV and Δzp have to be converted into force and distance. 

To calculate the cantilever deflection from the detector signal, the corresponding 

conversion factor is needed, which can be obtained from a linear fit of the constant 

compliance region. The tip-sample separation is then obtained by adding the cantilever 

deflection to the piezo position. 

 

The force acting on the cantilever, F, is obtained by Hooke‟s law, which relates the 

stiffness of the cantilever (k, the spring constant) and deflection of the cantilever (x): 

 

Equation 1.9  kxF   
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In order to make a quantitative measurement, it is necessary to know the spring constant 

of the cantilever, which can either be taken from the manufacturer‟s literature or, more 

accurately, determined for individual cantilevers using a variety of methods. 

 

Force-distance curves can be generated singly, but in order to obtain a statistically 

relevant set of data in a single operation, force-volume mode can be employed. In this 

mode, the AFM raster scans the substrate under the colloidal probe to produce a series of 

force-distance curves, each from a well-defined interval in the x and y direction, and a 

low-resolution topographical image. These data can be processed to calculate the force 

of adhesion from each individual force curve, which can be displayed as a force map, 

showing variation in adhesion over the surface. 

 

Given the importance of inter-particle adhesion to the performance of DPI formulations, 

it is not surprising that the colloidal probe technique has been applied to this area of 

research (Louey, et al. 2001; Price, et al. 2002; Tsukada, et al. 2004; Hooton, et al. 

2008). The naturally irregular morphology of the particles in DPI formulations, 

however, was found to produce great variability in the results of colloid probe adhesion 

measurements between formulation components, as it led to significant variation in the 

contact area between the colloidal probe and substrate, to which adhesion is directly 

proportional. As a result, the use of colloidal probe AFM in the study of inhalation 

formulations was largely qualitative. Recently, however, a number of techniques have 

been developed to overcome this limitation. One such technique employs a grid of 

extremely sharp spikes over which the colloidal probe is scanned, resulting in an image 

of its interacting region from which the morphology and the contact area can be 

calculated. It is then possible to normalise adhesion measurements by the contact area 

and so calculate the work of adhesion between the substrate and particle. 

 

Another technique that to some extent, overcomes the limitation of contact area and 

which has been used to explain the behaviour of DPI systems is known as the cohesive-

adhesive balance (CAB) procedure (Begat, et al. 2004a, b). This employs specially 
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grown molecularly smooth crystals as substrates to ensure that the contact area between 

a given colloidal probe and various substrates is uniform and constant. 

 

A number of colloidal probes of each material under investigation are prepared and the 

adhesive force between each probe and a crystalline substrate of each material under 

investigation is measured in force-volume mode. This data is used to produce a CAB 

graph, by plotting the mean cohesive force for each probe (the adhesive force between a 

probe and a substrate of the same material) against the mean adhesive force between that 

probe and a substrate of another material. When data for a number of probes of the same 

material interacting with the same substrate are plotted on the same axes, a straight line 

is formed allowing linear regression analysis of these data. Although the contact area of 

each probe may vary significantly, the contact area of an individual probe is the same for 

both the cohesive and adhesive measurements and thus the ratio between cohesion and 

adhesion remains consistent between different probes. This ratio (known as the CAB 

ratio) can be measured from the analysis of the gradient of the CAB graph. 

 

For example, it has been found that the cohesion of budesonide is 1.19 times greater than 

its adhesion to lactose (Hooton, et al. 2008) and the adhesion of fluticasone propionate 

to lactose is 4.55 times greater than the cohesion of fluticasone propionate (Jones, et al. 

2008a). In this way, the CAB procedure is able to produce data that are independent of 

the contact area between the colloidal probe and substrate and which are, therefore, 

quantitative. The approach has been shown to predict the behaviour and possibly the in 

vitro performance of simple powder formulations (with and without force control 

agents) of binary DPI systems. 

 

1.9.3 Computational Modelling of Surfaces 

 

In the last decade, the use of computational molecular dynamic modeling (MD) has 

become utilized in searching for polymorphisms and calculating properties of host–guest 
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complexes. Furthermore, MD simulations can assist dosage form development by 

predicting physicochemical properties such as viscosity of solutions, diffusivity and 

water adsorption. However, the above-mentioned parameters are often limited to „small‟ 

systems either related to the molecular weight of the drug compound or the excipient 

employed. Improved user interfaces are another factor driving this increase in the 

application of computational modeling. 

 

With the increase in computing power available and improved user interfaces, molecular 

modeling may enable in silico investigation and prediction of inter-particle forces 

between materials in a DPI dosage form. This is possible through modeling the surface 

chemistry of dominant crystal habits, which may enable the determination of attractive 

and/or repulsive interactions between drug and excipient. Furthermore, as a different salt 

form of a drug is likely to change the surface chemistry of the drug, this approach may 

enable direct evaluation and prediction of how different salts may interact with excipient 

materials and therefore, enable in silico design and prediction of DPI performance. 

 

1.10  Aims of the Study 

 

Many factors can affect the inter-particle interactions in dry powder inhaler (DPI) 

formulations. Investigating the relationships between these variations and the 

performance of a formulation may improve the understanding of which factors are more 

important and thus worthy of more consideration when producing formulations for DPIs. 

Where the variations are due changes in the drug, a better understanding of how 

changing the drug will change the formulation characteristics may lead to better 

performing formulations. 

 

The primary aim of this study is to investigate the relationships between physical and 

chemical parameters associated with the drug and the performance of the drug in 
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formulation. This may allow the relative significance of the different parameters to be 

assessed. 

 

The secondary aim is to suggest target parameters and associated tests that may be used 

prior to formulation to maximise the performance of the final formulation. 

 

An outline of the thesis in relation to these aims is shown in figure 1.5. 
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Figure 1.5 Structure of the Thesis in Relation to the Key Aims of the Project 
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In chapter 2, the salts of salbutamol are manufactured, assessed for purity, and their 

crystal structures determined. The crystal structures are analysed with respect to the 

dominant surfaces of the crystals and the possible effects of differences between these 

surfaces examined. 

 

In chapter 3, the salts of salbutamol are prepared for inhalation. The possible effects of 

differences in Young‟s modulus upon this preparation are examined and the suitability 

to inhalation of the size-reduced drugs confirmed. 

 

In chapter 4, the cohesive-adhesive force balances of the relevant salts have been 

measured and their possible influence on formulation preparation and performance 

discussed. 

 

In chapter 5, the inhalation formulations are prepared and tested. 

 

In chapter 6 the final conclusions regarding the screening characteristics are drawn in 

relation to the hypothesis. Possible preformulation screening techniques are suggested 

along with further work that might advance this area of research. 
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2 – Salbutamol Salt Synthesis and Crystal Structure 

Determination 
 

2.1 Introduction 

 

During the development of dry powder inhaler (DPI) dosage forms, it may be required to 

modify undesirable characteristics of the drug product. For example, the active 

ingredient may elicit a short duration of action or may suffer from poor bioavailability 

on inhalation, which, in both cases, is primarily related to the dissolution behaviour of 

the active. In addition, the DPI drug product maybe adversely affected by environmental 

conditions such as temperature and humidity, which affect aerosol generation and the 

particle size distributions following aerosolization (Jashnani, et al. 1992; 1995). There 

are many approaches that maybe taken during the development of a solid dosage form to 

overcome many of these undesirable features of the drug product, such as the use of 

particle coating to prolong the duration of action of the active and in protecting the 

active from environmental conditions such as humidity. 

 

Another approach to overcome undesirable features of a DPI drug product is through the 

formation of salt forms of the actives. Previously, Jashnani, et al. produced two novel 

salt forms of salbutamol, which is a β2-adrenergic receptor agonist that is frequently 

used in the treatment of asthma and related diseases to relieve bronchospasm. They 

initially produced salbutamol stearate and salbutamol adipate to lower the dissolution 

rate of salbutamol in order to prolong the duration of action of the drug. Their 

investigations concluded that salbutamol stearate dissolved much more slowly than 

salbutamol adipate and in a nonlinear fashion, which was explained by the deposition of 

a stearate-rich layer on the dissolving surface of the salt. Hence, through the formation 
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of poorly water-soluble salt forms the dissolution properties of salbutamol were 

modified (Jashnani, et al. 1992). 

 

A later study by the same group investigated the use of salbutamol stearate and 

salbutamol adipate, which have reduced hygroscopicities, to prevent a decrease in fine 

particle delivery of salbutamol at elevated humidity (Jashnani, et al. 1995). 

Environmental conditions, in particular humidity, may adversely affect fine particle 

aerosolization from DPIs, either by modifying adhesive or cohesive properties of the 

formulation or by inducing hygroscopic growth (Price, et al. 2002). In this study, it was 

demonstrated that salbutamol stearate, the most hydrophobic salt, emptied and 

aerosolized best from the inhaler and showed least sensitivity to temperature and 

humidity. It is interesting to note, that Jashnani, et al. found that neither solubility nor 

moisture sorption correlated directly with inhaler performance in high humidity 

environments (Jashnani, et al. 1995). This may be because several factors control the 

quality of the emitted aerosol from DPIs and thus prevents a straightforward prediction 

of which salt form will result in the optimal performance characteristic. Hence, there is a 

further requirement to investigate the physical and chemical properties of salt forms to 

determine what property of salt forms may enable selection of the optimal salt for 

inclusion in DPI dosage forms. Although it is widely documented that surface interfacial 

properties of components of a DPI play a crucial role in the performance and the 

efficacy of the drug product, there remains little data in the literature describing how 

changing the salt form of an active ingredient to be delivered to the lung via a DPI 

modifies the surface properties of the drug and, therefore, product performance. 

 

In order to investigate the effect of changing the salt form of salbutamol, it was first 

necessary to select a range of suitable acids for the study. Various salbutamol salts were 

then produced by chemical reaction of the appropriate acid with the base. The salts 

produced were purified by recrystallization and were investigated using differential 

scanning calorimetry to determine if the thermal properties of the materials had been 



Rapid Preformulation Screening of Drug Candidates for Dry Powder Inhaler Preparation 

 

 

– 63 – 

Chapter 2 – Salbutamol Salt Synthesis and Crystal Structure Determination  

altered from the base and to check for the presence of unreacted starting materials. The 

salts were then analysed by HPLC to determine their purity.  

 

Several of the salts have not previously had their crystal structures reported so larger 

crystals were also grown from solution for single crystal X-ray diffraction (XRD) 

characterisation. Once the crystal structures were determined, they were modelled in 

silico to understand their surface properties, which are determined by the molecular 

constituents exposed on the surface (Ward 2001). These surface properties, in turn, will 

affect the interactions that might occur when the different drug forms are mixed with 

lactose in formulation. 

 

The aim of this chapter was to prepare a selection of salts of salbutamol, to demonstrate 

that they were of high purity (97.0 – 103.0 % with respect to the supplied salbutamol 

base). Having determined the salts were suitable for further work, their identity was to 

be confirmed and their crystal structure determined allowing for their morphology and 

surface chemistry to be modelled in silico and thus allow possible interactions between 

the surfaces of the materials and lactose in dry powder inhaler formulations to be 

investigated. 

 

2.1.1 Selection of Counterions 

 

Salbutamol was chosen as the model active pharmaceutical ingredient (API) for this 

study as it has been marketed in different salt forms for different applications. The base 

has a relatively high pKa (9.3 at 25 ˚C) (Jashnani, et al. 1992) which means it will easily 

react with even relatively weak acids. 

 

When presented with an acidic or basic drug, there is the possibility of producing a 

range of salts of that drug. To carry out the study, the first step was to narrow down the 
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number of options. A list of approved, commercially marketed salts (Berge, et al. 1977) 

was selected as the starting point for this process. 

 

Changing the salt of a drug compound will likely affect all of the factors listed in section 

1.7. Some consideration of how different salts might affect the properties of the drug 

was given with the hope that a diverse range of properties would be expressed leading to 

a better understanding of the importance of each factor. 

 

Initially the base and the following salts were selected for study: 

 

Base: the starting material is not a salt, and thus likely to be unsuitable for 

pharmaceutical preparations on the grounds of chemical instability. The fact that it is not 

a salt makes it attractive for study as a comparator to the salts. 

 

Sulphate (pKa = -3.0): salbutamol is currently marketed in several DPI (Asmasal
®

, 

Ventolin
TM

, Salbutamol Cyclocaps
®

) and pMDI (Airomir
TM

, Salamol, Ventolin
TM

) 

formulations as the sulphate. 

 

Hydrochloride (pKa = -6.1): by far the most regularly used salt in pharmaceutics is the 

hydrochloride (Gibson 2004). Use of a small counter-ion may increase the melting point 

of the salt and thus increase stability. Salbutamol hydrochloride is marketed as 

Xopenex® for nebulization. 

 

1-Hydroxy-2-naphthoate (pKa = unknown, similar compounds have a pKa of ca. 4.0): 

salmeterol, another β2-adrenergic receptor agonist with structural similarities to 

salbutamol is marketed as the hydroxynaphthoate (or xinafoate) (Serevent
TM

). 

 

Stearate (octadecanoate) (pKa = 10.2): selected initially because of its inherent 

hydrophobicity, which might produce reduced solubility in the salt but was subsequently 
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rejected as it not possible to get stearic acid in a highly pure state (the similarity of its 

physical properties to its homologues makes it impossible to purify). 

 

Tartrate (pKa = 3.0, 4.3): a very hydrophilic anion with lots of hydrogen bonding 

potential, which might increase solubility in the salt. Tartrate has been successfully used 

in stereo-selective synthesis, including that of salbutamol from racemic mixtures 

(Hamied, et al. 2001). Salbutamol tartrate is marketed as Xopenex® HFA PMDI. 

 

Acetate (pKa = 4.8): a short aliphatic chain may increase the melting point of the salt. 

 

Propionate (pKa = 4.9): the next in the same homologous series as acetate so chemically 

very similar but not necessarily physically similar. 

 

Methanesulphonate (pKa = 1.9): a chemically and structurally similar anion to the 

sulphate, but again properties of the salt may be very different. 

 

2.2 Materials and Methods 

 

All solvents used were supplied by Fisher Scientific UK (Loughborough, UK) and were 

of analytical grade. The water used was purified by reverse osmosis using an Elix S 

system (Millipore, Molsheim, France). Materials used are listed in table 2.1. 
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Material Supplier 

Salbutamol base PFC Italiana (Milan, Italy) 

Salbutamol sulphate Miza Pharmaceuticals Ltd (Runcorn, UK) 

Hydrochloric acid (35 %) Fisher Scientific UK (Loughborough, UK) 

Acetic acid (99+ %) Fisher Scientific UK (Loughborough, UK) 

Propionic acid (98+ %) Fisher Scientific UK (Loughborough, UK) 

(+)-tartaric acid (99+ %) Fisher Scientific UK (Loughborough, UK) 

1-hydroxy-2-naphthoic acid (99 %) Aldrich Chemicals (Gillingham, UK) 

Methanesulphonic acid (98+ %) Fisher Scientific UK (Loughborough, UK) 

Ammonium acetate (99+ %) Fisher Scientific UK (Loughborough, UK) 

Potassium carbonate (99+ %) Fisher Scientific UK (Loughborough, UK) 

Pharmatose 200M lactose DMV International (Veghel, The Netherlands) 

Sorbolac 400 lactose Meggle (Wasserburg, Germany) 

Hexane Fisher Scientific UK (Loughborough, UK) 

Silicone oil Acros Organics (Geel, Belgium) 

Table 2.1 Materials Used 

 

2.2.1 Statistical Analysis 

 

Where statistical analysis was used, the mean value ( x ) of a population was calculated 

as the sum of the values divided by the number of values: 

 

Equation 2.1  



n

i

ix
n

x
1

1
 

 

The standard deviation (SD) of a population, a measure of spread, was calculated as: 

 

Equation 2.2   






n

i
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n
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1

2

1

1
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The SD values have been plotted as error bars on graphs throughout this study where the 

mean value has been plotted. For tabulated data, where the SD value is included, it is 

shown in parentheses after the mean value. 

 

2.2.2 Synthesis of Salbutamol Salts 

 

The sulphate salt was not prepared as it is commercially available. The prepared salts 

were all produced according to the following equation except for the tartrate: 

 

watersaltsalbutamolacidbasesalbutamol 1111   

 

Tartaric acid has two ionisable hydrogens and should react according to the following 

equation: 

 

watertartratesalbutamolacidtartaricbasesalbutamol 2112   

 

To prepare the salts, 5 g of salbutamol base was accurately weighed into a 100 ml 

beaker. The number of moles of the base was calculated using the molecular mass in 

table 2.2. 

 

Material Molecular Mass 

Salbutamol base 239.31 

Acetic acid 60.05 

Propionic acid 74.08 

(+)-tartaric acid 150.09 

1-hydroxy-2-naphthoic acid 118.18 

Table 2.2 Molecular Masses of Salbutamol Base and the Acids used to Prepare Salbutamol 

Salts 
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An equivalent number of moles of the acid to be reacted with the salbutamol base were 

weighed into a 100ml beaker (allowing for the respective purities of the acids). In the 

case of tartaric acid, half the number of moles was weighed out as each tartaric acid 

molecule reacts with two molecules of salbutamol base. A small excess of the acid was 

added to the weighing to ensure that all of the base would react. 

 

20 ml methanol was added to the salbutamol base with stirring and the solution heated to 

30 ˚C. The acid was washed into the salbutamol base solution with 20 ml methanol and 

the mixture left at 30 ˚C with stirring until the methanol had evaporated. 

 

After the methanol had evaporated, a white or pale brown precipitated material 

remained. To remove any insoluble contaminants, the precipitated material was 

dissolved in a suitable solvent, filtered through a glass fibre prefilter (Fisher Scientific, 

Loughborough, UK) under reduced pressure and the solvent allowed to evaporate. 

 

2.2.3 Bulk Recrystallization of Salbutamol and its Salts 

 

In order to remove any excess acid present in the salts produced, as well as any other 

impurities, the reaction products were all recrystallized from solution twice by addition 

of a suitable anti-solvent. The base and sulphate were also recrystallized using the same 

approach. 

 

The material to be recrystallized was washed into a 500 ml jacketed vessel using the 

minimum amount of solvent. The mixture was continually stirred and heated to assist 

dissolution by pumping water through the jacket from a Haake DC5 temperature-

controlled water bath (Fisons Scientific Equipment, Loughborough, UK). Sufficient 

solvent was added to just dissolve the material completely. The vessel was then cooled 

and a suitable anti-solvent added to the vessel using a PHD 2000 syringe pump system 
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(Harvard Apparatus, Massachusetts, USA) fitted with a 50 ml glass syringe (Fisher 

Scientific, Loughborough, UK). 

 

Upon completion, the suspension was filtered through a 0.2 μm pore PTFE filter 

membrane under reduced pressure. The filtrate was returned to the crystallisation vessel 

and more anti-solvent added at the same rate to ensure that the crystallisation was 

complete. The crystals were allowed to air dry and stored at 25 ˚C and 43 %RH. The 

bulk crystals produced by this method are referred to throughout the text as (CB). 

 

Table 2.3 contains details of the solvent/anti-solvent combinations used for the various 

acids and the temperatures and anti-solvent addition rates utilised to obtain the bulk salt 

crystals. 

 

Material Solvent Initial 

Temperature 

(°C) 

Solution 

Cooled 

to (°C) 

Anti-solvent Addition 

rate 

(ml.hr
-1

) 

Base Ethanol 50 5 Water 1 

Sulphate Water 40 10 Ethanol 2 

Acetate Water 20 20 Acetonitrile 2 

Propionate Water 50 5 Acetonitrile 2 

Tartrate Water 20 20 Ethanol 1 

Hydroxynaphthoate Methanol 30 10 Water 1 

Table 2.3 Experimental Parameters used to Recrystallize Salbutamol Base and its Salts in 

Bulk Form (CB) 

 

Although the hydrochloride and methanesulphonate reactions with salbutamol base 

initially produced solid materials, neither could be recrystallized by the addition of anti-

solvent. It is suspected that the anti-solvent used initially, acetonitrile, may have 

extracted impurities from the plastic tubing and syringes used in the recrystallizing 

equipment. Repeated attempts to purify these materials failed to give any solid products 
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and they were abandoned. The recrystallization equipment was subsequently modified to 

minimize the amount of plastic and rubber that was in contact with the liquids. 

 

2.2.4 Differential Scanning Calorimetry of Salbutamol Salts 

 

Differential scanning calorimetry (DSC) is the most widely used thermoanalytical 

technique (Skoog 1998). It is often used to characterise material properties such as 

melting point, the glass transition of amorphous material to crystalline, and to determine 

the presence of impurities. DSC measures the differences in heat required in maintaining 

a sample and a reference at the same temperature as both are heated or cooled. Any 

difference seen in the energy input to the sample and reference corresponds to a thermal 

event in the sample. 

 

Since DSC relies on heating small samples in containers, good thermal contact is 

required between the sample and the container to give accurate results. In these 

experiments, where small quantities of poor flowing powder were investigated, it was 

difficult to ensure good thermal contact and so the thermal events observed e.g. melting 

cannot be definitively assigned values. The temperatures at which thermal events occur 

can also be modified by the presence of contaminants, giving rise to another source of 

error in this technique. 

 

Whilst DSC cannot definitively determine the chemical nature of a sample under test, it 

can often be used to determine if samples have different thermal properties and thus are 

likely to be different e.g. a starting material and product of a chemical reaction. DSC 

was primarily used in this study to determine if the salts produced contained either the 

salbutamol base or the unreacted acid. It served a secondary purpose to quickly 

determine if the attempted reactions had been successful prior to confirmation by X-ray 

diffraction. 
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2.2.4.1 Equipment and Operation 

 

All experiments were carried out using a DSC 2910 (TA Instruments, Surrey, UK) 

calibrated using indium standards. Approximately 5 mg of sample was weighed into an 

aluminium pan (TA Instruments, Surrey, UK) and the lid crimped into place. The 

reference was an identical, but empty pan. The sample and reference were heated from 

30 °C to 350 °C at a linear ramp rate of 10 °Cmin
-1

. The DSC head was continuously 

flushed with dry nitrogen at 25 mlmin
-1

. 

 

A second heating rate was employed for a re-analysis of the propionate sample. 

Equipment and operation were identical but the analysis was carried out from 130 °C to 

220 °C at a linear ramp rate of 3 °Cmin
-1

. 

 

In all cases, the drug samples used were those from the bulk recrystallization (CB) 

detailed in section 2.2.3, except for salbutamol sulphate, which was used as supplied. 

 

2.2.5 Purity Determination of Salbutamol and its Salts by High 

Performance Liquid Chromatography 

 

High performance liquid chromatography (HPLC) is a well-established chromatographic 

technique used to determine the amount of solute in a solution. HPLC can separate 

individual components of interest in a solution and quantify them by their absorption of 

light. This technique is more suitable for analysis of non-volatile substances than gas 

chromatography and is now the most widely used chromatographic technique (Lough 

and Wainer 1995). 

 

The technique was used in this study for two reasons: Firstly, to assess the purity of the 

salbutamol salts and, secondly (in chapter 5), to determine the deposition of the drug 

throughout the impaction apparatus during in vitro formulation testing. 
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A liquid (mobile phase) is pumped through a column containing polymer particles of a 

particular composition (stationary phase). A known volume of the solution of interest is 

introduced into the mobile phase and pumped through the system. The relative affinity 

of the solutes for the stationary phase determines the time they take to pass through the 

column, enabling the different components to be separated. 

 

After passing through the column, the mobile phase passes through a detector to enable 

the quantification of the solute. The detector produces a chromatogram and the area of a 

given peak can be compared to that of standard solutions allowing the concentration of 

the solute to be calculated. 

 

The equipment used in this study was: AS-950 autosampler (Jasco, Tokyo, Japan), PU-

980 pump (Jasco, Tokyo, Japan), and UV-975 ultra-violet/visible detector (Jasco, 

Tokyo, Japan). The output was analysed using Azur software (Datalys, St Martin 

D‟Heres, France). 

 

2.2.5.1 Method 

 

For each sample/standard tested, two injections were performed and the areas of the 

peaks were averaged. The test was rejected and repeated if the area of either peak varied 

by more than 5 % from the mean. 

 

The method used was based on one developed for salmeterol xinafoate (Murnane, et al. 

2006). The detector wavelength was changed to one more suitable for the chromophore 

of salbutamol. The column and the conditions set for the HPLC are summarised below: 
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Column: Inertsil 5 μm ODS2, 250 x 4.6 mm (Phenomenex, Cheshire, UK) 

Mobile phase: 75:25 methanol:0.6 %w/v aqueous ammonium acetate 

Flow rate: 1.0 mlmin
-1 

Detector wavelength: 276 nm 

 

In all cases, the drug samples used were those from the bulk recrystallization (CB) 

method detailed in section 2.2.3. 

 

2.2.5.2 Preparation of Standards and Calibration 

 

Standard solutions of the supplied salbutamol base were prepared prior to HPLC 

analysis. In each case, two stock solutions were prepared from different weighings of the 

supplied salbutamol base in volumetric flasks. Appropriate dilutions of the stock 

solutions were prepared to determine the linearity of the detector response to the drug 

concentration (see figure 2.1 and table 2.4). In figure 2.1 the equation of the linear 

regression plot is shown with the coefficient of determination (R
2
) value, indicating how 

well the regression plot fitted the actual data points. 
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Figure 2.1 High Performance Liquid Chromatography Calibration Graph for Salbutamol 

Base 

(Error Bars Indicate Standard Deviation, n = 3) 
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Salbutamol Base Standard 

Concentration (μgml
-1

) 

Mean Peak Area 

0.1174 8.86 (0.19) 

0.527 41.33 (0.69) 

1.174 103.30 (4.56) 

5.27 441.80 (3.80) 

11.74 1006.99 (2.32) 

21.08 1781.58 (2.18) 

Table 2.4 High Performance Liquid Chromatography Calibration Measurements 

(Standard Deviations Shown in Brackets, n = 3) 

 

The linear regression of the plot of standard concentration versus mean peak area had an 

R
2
 value of 0.9999 indicating that the response of the detector to the solution 

concentration was very consistent over the concentration range tested. 

 

The limits of detection (LOD) and quantification (LOQ) were determined using 

equations 2.3 and 2.4 (Shabir 2003): 

 

Equation 2.3  
b

SD
LOD a3

  

 

Equation 2.4  
b

SD
LOQ a10

  

 

Where SDa was the standard deviation of the intercept of the calibration graph and b was 

the gradient of the linear regression of the calibration graph. 

 

For this method, the values were calculated as: LOD = 0.0758 μgml
-1

 and LOQ = 0.2528 

μgml
-1

. 
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For the determination of unknown drug concentrations, a high and a low standard 

(within the linear range) were prepared from the different stock solutions. The standards 

were run alternately every four unknown samples and the mean response factor (the ratio 

of concentration to peak area) of the standards used to calculate the concentration of the 

unknowns. This method of using high and low bracketing standards ensured that day-to-

day variations in the response factor and in retention time were taken into account when 

calculating the concentration of unknown samples. All the analysed samples had 

concentrations above the limit of quantification and between the low and high 

calibration standards used. 

 

2.2.5.3 Separation of Contaminants 

 

Having determined that the method was suitable for quantitative analysis of the 

concentration of salbutamol base, it was necessary to confirm that it resolved the 

possible contaminants from the salbutamol peak. Each of the starting materials was 

dissolved in the HPLC mobile phase and run through the system to determine their 

retention times. Lactose interference was also tested for as it was to be used as an 

excipient in the formulations. The results are detailed in table 2.5. 

 

Material Retention time (min) 

Salbutamol base 2.7 

Sulphuric acid 0.7 

Acetic acid Not detected 

Propionic acid Not detected 

(+)-tartaric acid 0.8 

1-hydroxy-2-naphthoic acid 3.1 

Lactose Not detected 

Table 2.5 High Performance Liquid Chromatography Retention Times of Expected Peaks 

 



Rapid Preformulation Screening of Drug Candidates for Dry Powder Inhaler Preparation 

 

 

– 77 – 

Chapter 2 – Salbutamol Salt Synthesis and Crystal Structure Determination  

All of the expected contaminant peaks detected were resolved from the salbutamol base 

peak, allowing for quantification of the drug content of sample solutions. 

 

2.2.5.4 Purity Determination 

 

To determine the purity of the recrystallized materials, the respective molecular masses 

of the salts must be calculated. These are shown in table 2.6 

 

Material Molecular Mass 

Base 239.31 

Sulphate 576.70 

Acetate 299.36 

Propionate 313.39 

Tartrate 628.71 

Hydroxynaphthoate 427.48 

Table 2.6 Molecular Mass of Salbutamol Base and its Salts 

 

A sample of the recrystallized material was accurately weighed out, dissolved in HPLC 

mobile phase and made up to a known volume in a volumetric flask. The measured 

concentration of the solution was calculated assuming the salt was 100 % pure by 

multiplying the mean area under the drug peak by the response factor calculated from 

the standard solutions. 

 

The expected concentration of salbutamol was then calculated using the molecular mass 

(allowing for the content of two salbutamol moieties per molecule of the sulphate and 

the tartrate). The experimentally determined concentration was divided by the expected 

concentration to give a value for the purity of the material. The bracketing standards 

used were the 2.61 and 19.76 μgml
-1

 concentrations. 
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2.2.6 X-Ray Diffraction of Salbutamol Salts 

 

X-ray diffraction is used to determine the structure of crystalline materials by calculating 

the positions of the constituent atoms relative to one another within the unit cell. It is 

widely used to confirm the identity and the crystal form of a material. In this study, the 

technique was used to show that the reaction of salbutamol base with each acid had 

successfully produced the expected salt. Further examination of the crystal structures 

was pursued to investigate effects that the surface chemistry of the dominant crystal 

faces may have upon interfacial interactions and formulation performance. 

 

The structure of a crystal is defined by the relative positions of its constituent atoms in 

three dimensions. To qualify as a crystalline material, there must be a significant degree 

of long-range order to these positions. This is satisfied by the presence of identical, 

repeating volumes of space known as unit cells. The unit cell is defined by the lengths of 

its sides (a, b, c) and the angles between these sides (α, β, γ). The structure of a crystal is 

further defined by its space group and crystal system. The space group indicates the 

symmetry of the components of the crystal lattice and the crystal system indicates the 

symmetry of the unit cell. The constraints of the crystal system mean that not all the 

length and angle data are always presented because they are often fixed e.g. for an 

orthorhombic system, α = β = γ = 90 ° and for a monoclinic system, α = γ = 90 °. 

 

When X-rays are incident upon a crystalline solid, the X-rays are scattered in all 

directions by the electron fields of the constituent atoms. A regular array of scatterers 

spaced at intervals similar to the wavelength of the X-rays will produce a diffraction 

pattern where some of the scattered X-rays reinforce at certain angles. This 

reinforcement occurs when Bragg‟s law (equation 2.5) is satisfied (Bragg 1913): 

 

Equation 2.5   sin2dn   
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where n is the order of reflection (an integer), λ is the wavelength of the X-rays, d is the 

lattice spacing or distance between planes of the crystal, and θ is the angle between the 

X-rays and the planes of the crystal. 

 

The basic set-up for an X-ray diffractometer is shown in figure 2.2 

 

 

Figure 2.2 Schematic of an X-Ray Diffractometer 

 

X-rays are generated via a filament source and filtered to produce a monochromatic 

output and then the X-rays are passed through a collimator to produce a uni-directional 

beam that strikes the sample. A detector is typically moved around the sample to record 

the intensity of the diffracted X-rays. Having collected a diffraction pattern, the sample 

is rotated and another pattern collected. After acquiring a full data set, the multiple two-

dimensional diffraction patterns are converted into a three-dimensional map showing the 

electron density in the crystal. This, in turn, allows the positions of the atoms and the 

bond-lengths to be calculated. 
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2.2.6.1 Preparation of Crystals for X-Ray Diffraction 

 

Relatively large crystals are required for single crystal XRD (circa 300 μm). The 

crystals produced by the bulk recrystallization method were of insufficient size in all 

cases for XRD. A slower, standing drop recrystallization technique (Begat, et al. 2004a) 

was tried in an attempt to grow larger crystals, suitable for XRD. Since the crystal 

structures of salbutamol base and sulphate have been determined previously, they were 

not included in the XRD experimentation. 

 

A saturated solution of the compound of interest was prepared by shaking a sealed flask 

containing an excess of the material in an appropriate solvent in a gyratory water bath at 

25 C (G76, Gyratory water bath shaker, New Brunswick Scientific, Edison, USA). The 

saturated solution was subsequently filtered through a 0.22 m filter (Whatman Inc, 

Clifton, USA) and a single droplet (circa 0.5 ml) was placed on a microscope coverslip 

(BDH, Poole, UK), which was resting on the central post of the crystallization apparatus 

(figure 2.3 An anti-solvent of the compound was added to the base of the crystallisation 

apparatus and an inverted container was placed into the anti-solvent solution to seal the 

system from its surroundings. The apparatus was left to stand, allowing the anti-solvent 

vapour to permeate the system. By choosing a miscible solvent/anti-solvent 

combination, the anti-solvent content of the droplet increases, inducing a reduction in 

the solubility of the solute in the droplet. This leads to primary nucleation of the 

compound. The slow permeation of the anti-solvent allows the process of nucleation and 

crystal growth to occur very slowly and may allow larger crystals to grow. The crystals 

produced by this method are referred to throughout the thesis as (CS). 
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Figure 2.3 Standing Drop Recrystallization Experimental Setup for Preparation of CS 

Crystals 

 

The coverslip was removed from the apparatus and residual solvent/anti-solvent allowed 

to evaporate. The solvent/anti-solvent systems used are detailed in table 2.7 

 

Material Solvent Anti-solvent 

Acetate Water Acetonitrile 

Propionate Water Acetonitrile 

Tartrate Water Ethanol 

Hydroxynaphthoate Methanol Water 

Table 2.7 Solvent/Anti-solvent Systems used for Standing Drop Recrystallization 

Experiments (CS)  

 

This technique did not produce sufficiently large crystals of salbutamol tartrate. 

Attempts to grow larger crystals of the tartrate was made by placing a drop of saturated 

solution of the tartrate onto a microscope coverslip, placing a second coverslip on top 

and leaving the solvent to evaporate slowly under ambient conditions. This second 

technique also failed to produce sufficiently large crystals of salbutamol tartrate. 
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For the tartrate, a third technique was attempted in which the salt solution was placed in 

a glass tube of 5 mm internal diameter that was sealed at one end. A layer of the solvent 

mixed with the anti-solvent in a 1:1 ratio was gently added on top of the solution 

followed by the anti-solvent. The tube was sealed and left to stand under ambient 

conditions. The experimental set-up is shown in figure 2.4. 

 

 

Figure 2.4 Sealed Tube Recrystallization Experimental Setup 

 

Despite numerous attempts using these techniques, it was not possible to grow tartrate 

crystals of a suitable size for single crystal XRD. 

 

Changing the recrystallization conditions in order to produce larger crystal could result 

in the production a different form of the drug. The morphology of the respective drug 

salts was consistent between different crystallisation methods and it was assumed that 

the drug forms were the same. 

 

2.2.6.2 Equipment and Operation 

 

Single crystals of salbutamol acetate, propionate, and hydroxynaphthoate were analysed 

at 150(2) K using graphite monochromated Mo(K) radiation and a Nonius Kappa CCD 
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diffractometer (Bruker AXS Inc., Wisconsin, USA). The structures were solved using 

SHELXS-97 (Sheldrick 1990) and refined using full-matrix least-squares on F
2
 with 

SHELXL-97 (Sheldrick and Schneider 1997). The refinement parameters are included in 

the results (table 2.9). 

 

In all cases, the drug samples used were those from the standing drop recrystallization 

(CS) detailed in section 2.2.6.1. 

 

2.2.7 Analysis of the Crystal Morphology and Surfaces 

 

The chemical and physical properties of a drug powder are known to be dependent upon 

its polymorphic form (Brittain and Grant 1999). Because the crystal structure of the 

polymorphs is different, the surfaces of the crystals expose different chemical groups. 

Similarly, different salts of the same drug may exhibit different chemical moieties on the 

dominant crystal faces and modify their chemical and physical properties. 

 

These differences may be examined by a variety of methods such as contact angle, 

capillary intrusion, atomic force microscopy, and others. Because of the small size of the 

crystals available, using a contact angle technique would have involved the production 

of compacts, which introduces potential complications such as changing surface energy 

(Buckton 1993) and roughness (Buckton and Newton 1986) this technique was rejected. 

Similarly, capillary intrusion would have required the preparation of compacts leading to 

the same problems. Atomic force microscopy measurements are included in this study in 

chapters 3 and 4. It was decided to examine the surfaces qualitatively using the crystal 

structure data obtained from the X-ray diffraction experiments. 
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2.2.7.1 Method 

 

Inputting the unit cell data and space group from the X-ray diffraction experiments into 

a suitable crystal modelling software package allowed further analysis of the materials, 

specifically the crystal morphology, and the chemical nature of the crystal surfaces. MS 

Modeling version 3.2 (Accelrys Software Inc, California, USA) was used for this study. 

 

Firstly, the crystal morphology observed by scanning electron microscopy was used as a 

guide to producing crystal habits in silico. The unit cell data was input to the software 

and the morphology of the crystal generated using the Morphology Tools module set to 

use the Bravais-Friedel Donnay-Harker method (Donnay and Harker 1937) on the 

default settings. Having generated the morphology, the relative sizes of the individual 

facets were modified using the surface movement controls until the in silico model 

resembled the morphology seen in the SEM. The Miller indices of the faces were 

displayed using the automatic habit facet labelling command. The largest or dominant 

faces were noted. 

 

The unit cell was multiplied using the Build Supercell function and the Cleave Surface 

function was then used to cut through the in silico crystal to show the dominant faces. 

Any incomplete molecules associated with the surface were selected and removed to 

reveal the chemical moieties associated with the dominant faces. 

 

The surfaces of the dominant faces of alpha-lactose monohydrate were also determined 

as these were required for predicting interfacial interactions between the micronized 

drug particles and the carrier particles. 
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2.2.8 Scanning Electron Microscopy 

 

Scanning electron microscopy (SEM) employs a beam of electrons to reconstruct an 

image of an object. The wavelength of the electrons is much shorter than that of visible 

light allowing for greater resolution (Aulton 1988). Since the sample must be electrically 

conducting, representative crystal samples grown using the standing drop technique 

were attached to a metal stub using a carbon-coated adhesive tab. The sample holder was 

then coated with a thin layer of gold by vapour deposition. The vapour deposition was 

achieved by use of a sputter coater (S150B, Edwards High Vacuum, Sussex, UK). Once 

coated, the sample was placed into the SEM sample chamber that was then evacuated to 

facilitate the passage of the electrons. An electron source produces a beam of electrons 

that were focused onto the target. The beam was scanned across the sample causing the 

emission of electrons from the surface. The emitted electrons were detected and the 

emission pattern used to form an image of the surface. All the samples tested in this 

study were analysed using a JEOL 6310 SEM (Japanese Electron Optics Ltd, Tokyo, 

Japan). 

 

The salbutamol sulphate sample analysed by SEM was also prepared using the standing 

drop technique using water as the solvent and ethanol as the anti-solvent. The 

salbutamol base sample analysed by SEM was prepared by placing a drop of filtered, 

saturated solution of salbutamol base in ethanol onto a microscope coverslip, covering 

with a second coverslip and allowing to stand under ambient conditions until 

recrystallization had taken place. 
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2.3 Results and Discussion 

 

2.3.1 Differential Scanning Calorimetry 

 

The DSC thermographs shown in figures 2.5 to 2.10 all contain a reference trace for 

salbutamol base (CB) and a reference trace for the starting acid (where the acid was a 

solid at room temperature). 

 

Salbutamol acetate (CB) (figure 2.5) showed an endotherm peaking at 185 °C, clearly 

resolved from that of the base that peaked at 161 °C. These peaks are likely to 

correspond to the melting points of the materials. There was no indication of the 

presence of unreacted salbutamol base in the thermograph of the acetate. 
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Figure 2.5 Differential Scanning Calorimetry Thermograph for Salbutamol Acetate (CB) 

 

The temperature at the peak values for the endotherms of salbutamol propionate (CB) 

and the base (CB) (figure 2.6) were both 161 °C. It was possible that the reaction 

between salbutamol base and propionic acid had not been successful and thus both 

thermographs may have been of salbutamol base. Alternatively, salbutamol propionate 

may have a similar melting point to salbutamol base. The thermograph for the 

propionate sample did show some different thermal behaviour after the initial endotherm 

– a small exotherm followed by a second small endotherm. 
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Figure 2.6 Differential Scanning Calorimetry Thermograph for Salbutamol Propionate (CB) 

 

Salbutamol propionate (CB) was re-analysed using the slower temperature ramp (3 

°Cmin
-1

) over a narrower temperature range (130 – 220 °C), in order to improve the 

resolution. The thermograph for the slower ramp rate (figure 2.7) just resolved the 

materials with the base endotherm peaking at 152 °C and the initial propionate 

endotherm peaking at 156 °C. The observed difference between the melting points of the 

materials at the different heating rates can be accounted for by the reduced lag in the 

recording of an event and the temperature at which it occurred in the slower heating 

experiment. 
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Figure 2.7 Slow Temperature Ramp Rate Differential Scanning Calorimetry Thermograph 

for Salbutamol Propionate (CB) 

 

The small difference observed in the initial endotherms of the base and propionate was 

insufficient to be certain that the two materials were different. 

 

The thermograph (figure 2.8) for the tartrate (CB) also includes a trace for the tartaric 

acid starting material. All three traces are clearly different, with the salbutamol tartrate 

endotherm peaking at 198 °C. There was no indication of the presence of unreacted 

salbutamol base in the thermograph of the tartrate. 
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Figure 2.8 Differential Scanning Calorimetry Thermograph for Salbutamol Tartrate (CB) 

 

Figure 2.9 shows the traces for salbutamol base (CB), hydroxynaphthoic acid, and its salt 

(CB). All three initial endotherms were easily resolved. The initial endotherm for the 

hydroxynaphthoate salt peaked at 169 °C. There was no indication of the presence of 

unreacted salbutamol base in the thermograph of the hydroxynaphthoate. 
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Figure 2.9 Differential Scanning Calorimetry Thermograph for Salbutamol 

Hydroxynaphthoate (CB) 

 

Although the salbutamol sulphate used in this study was used as supplied, a DSC 

thermograph of it was determined for completeness (figure 2.10). The initial endotherm 

of the sulphate peaked at 168 °C and was just resolved from that of the base. Subsequent 

endotherm events occur for the sulphate at 210 °C, 285 °C, and 328 °C that were not 

seen for the base. 
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Figure 2.10 Differential Scanning Calorimetry Thermograph for Salbutamol Sulphate (as 

supplied) 

 

Interestingly, two previous studies of salbutamol sulphate that included DSC analysis do 

not correspond to each other, and both combine elements seen in figure 2.10. 

 

Murphy et al. (2003) analysed spray dried salbutamol sulphate and after its 

recrystallization, found an endotherm for salbutamol sulphate at 160 - 180 °C. Their 

study did not continue to higher temperatures. This probably corresponds to the 168 °C 

endotherm seen in figure 2.10. 

 

Palacio et al. (2007) investigated two polymorphs of the R-form of salbutamol sulphate, 

but did not report any thermal events below 200 °C. They did report decomposition 

endotherms at 210 °C, 288 °C, and 328 °C for form I and 217 °C, 283 °C, and 328 °C 
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for form II. These three endotherms may have combined to produce the broad 

endotherms seen in figure 2.10, as the salbutamol sulphate used was not 

enantiomerically pure. The lower temperature endotherm not reported by Palacio, et al. 

might be produced solely by the S-form of salbutamol sulphate. 

 

2.3.2 HPLC Purity Determination 

 

Representative chromatograms of salbutamol base and its salts are shown in figures 2.11 

– 2.16. 

 

 

Figure 2.11 Representative Chromatogram of Salbutamol Base (CB) 

 



Rapid Preformulation Screening of Drug Candidates for Dry Powder Inhaler Preparation 

 

 

– 94 – 

Chapter 2 – Salbutamol Salt Synthesis and Crystal Structure Determination  

 

Figure 2.12 Representative Chromatogram of Salbutamol Acetate (CB) 

 

 

Figure 2.13 Representative Chromatogram of Salbutamol Propionate (CB) 
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Figure 2.14 Representative Chromatogram of Salbutamol Tartrate (CB) 

 

 

Figure 2.15 Representative Chromatogram of Salbutamol Hydroxynaphthoate (CB) 
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Figure 2.16 Representative Chromatogram of Salbutamol Sulphate (CB) 

 

The prepared and calculated concentrations of the tested solutions and mean purities are 

shown in table 2.8. 
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Material Prepared 

Concentration 

(μgml
-1

) 

Calculated 

Concentration 

(μgml
-1

) 

Mean Purity 

(%w/w) 

Base (CB) 4.29 4.32 100.8 (0.7) 

Sulphate (CB) 10.80 10.36 95.9 (0.3) 

Acetate (CB) 13.68 13.33 97.5 (0.1) 

Propionate (CB) 11.09 11.10 100.1 (2.3) 

Tartrate (CB) 17.04 16.97 99.6 (1.3) 

Hydroxynaphthoate (CB) 19.16 18.81 98.2 (0.2) 

Sulphate (as supplied) 10.20 10.32 101.2 (0.1) 

Table 2.8 Mean Purities of Salbutamol Base and its Salts as Determined by High 

Performance Liquid Chromatography 

(Standard Deviations Shown in Brackets, n = 3) 

 

The purity of the recrystallized sulphate fell outside the desired range and the supplied 

sulphate was analysed for comparison. The purities of the as supplied salbutamol 

sulphate and the other, recrystallized salbutamol salts were within the desired range 

(97.0 – 103.0 %). 

 

2.3.3 X-Ray Diffraction 

 

The XRD collection data and refinement parameters is summarised in table 2.9. 
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Material Acetate Propionate Hydroxynaphthoate 

Empirical   formula C15H25NO5 C16H27NO5 C24H29NO6 

Formula weight 299.36 313.39 427.48 

Wavelength (Å) 0.71073 0.71073 0.71073 

Crystal system Triclinic Orthorhombic Monoclinic 

Space group P-1 Pcab P21/c 

Unit cell dimensions 
a = 9.2810(4) Å 

α = 99.264(2) o 

a =11.8910(3) Å 

α = 90 o 

a = 12.7780(2) Å 

α = 90 o 

       
b = 9.7850(5) Å 

β = 110.264(2) o 

b =13.5820(3) Å 

β = 90 o 

b = 9.4580(2) Å 

β = 102.696(1) o 

       
c = 9.8370(6) Å 

γ = 105.606(3) o 

c = 1.0060(6) Å 

γ = 90 o 

c = 18.8110(3) Å 

γ = 90 o 

Volume (Å3) 774.56(7) 3392.54(15) 2217.81(7) 

Z 2 8 4 

Calculated density 

(gcm-3) 
1.284 1.227 1.280 

Absorption coefficient 

(mm-1) 
0.096 0.090 0.092 

F(000) 324 1360 912 

Reflections collected 7588 48532 32436 

Independent 

reflections 
3477 [Rint = 0.0523] 3873 [Rint = 0.1294] 5087 [Rint = 0.0502] 

Reflections observed 

(>2ζ) 
2167 2177 3852 

Absorption correction 
Semi-empirical from 

equivalents 
None 

Semi-empirical from 

equivalents 

Data / restraints / 

parameters 
3477 / 0 / 198 3873 / 0 / 229 5087 / 0 / 288 

 Goodness-of-fit on F2 1.023 1.115 1.024 

Final R indices 

[I>2ζ(I)] 

R1 = 0.0635 

wR2 = 0.1518 

R1 = 0.0743 

wR2 = 0.1493 

R1 = 0.0499 

wR2 = 0.1211 

R indices (all data) 
R1 = 0.1169 

wR2 = 0.1841 

R1 = 0.1484 

wR2 = 0.1763 

R1 = 0.0708 

wR2 = 0.1342 

Table 2.9 X-Ray Diffraction Data Summary 
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The crystal structures of salbutamol acetate (CS), propionate (CS), and 

hydroxynaphthoate (CS) determined by XRD are shown in figures 2.17 – 2.19. The 

crystal structures of salbutamol base and sulphate are shown in figures 2.20 and 2.21 for 

comparison. 

 

 

Figure 2.17 Structure of Salbutamol Acetate (CS) Determined by X-Ray Diffraction at 150 K 

Carbon atoms shown in green, oxygen atoms shown in red, nitrogen atom shown in blue, hydrogen atoms 

shown in grey. Bond information is not indicated. 

 

The XRD analysis confirmed the identity of the salbutamol acetate salt. 
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Figure 2.18 Structure of Salbutamol Propionate (CS) Determined by X-Ray Diffraction at 150 

K 

Carbon atoms shown in green, oxygen atoms shown in red, nitrogen atom shown in blue, hydrogen atoms 

shown in grey. Bond information is not indicated. 

 

The XRD analysis confirmed the identity of the salbutamol propionate salt. For the 

propionate, there appear to be two positions available for carbon numbered (7) and (8). 

For each of these carbon atoms, positions C(7) and C(8) were occupied 65 % of the time 

and positions C(7A) and C(8A) were occupied 35 % of the time. 
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Figure 2.19 Structure of Salbutamol Hydroxynaphthoate (CS) Determined by X-Ray 

Diffraction at 150 K 

Carbon atoms shown in green, oxygen atoms shown in red, nitrogen atom shown in blue, hydrogen atoms 

shown in grey. Bond information is not indicated. 

 

The XRD analysis confirmed the identity of the salbutamol hydroxynaphthoate salt. 

 

The crystal structure details for salbutamol base were determined by Beale and Stephens 

(1972): 

Crystal system = orthorhombic 

Space group = Pbca 

a = 21.654(1) Å 

b = 8.798(4) Å 

c = 14.565(7) Å 
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Figure 2.20 Structure of Salbutamol Base Determined by X-Ray Diffraction (Beale and 

Stephens 1972) 

Carbon atoms shown in green, oxygen atoms shown in red, nitrogen atom shown in blue, hydrogen atoms 

shown in grey. Bond information is not indicated. 

 

The crystal structure details for salbutamol sulphate were determined by Leger, et al. 

(1978): 

Crystal system = monoclinic 

Space group = Cc 

a = 28.069(5) Å 

b = 6.183(1) Å 

c = 16.914(2) Å 

β = 81.19(1) ° 
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Figure 2.21 Structure of Salbutamol Sulphate Determined by X-Ray Diffraction (Leger, et al. 

1978) 

Carbon atoms shown in green, oxygen atoms shown in red, nitrogen atom shown in blue, hydrogen atoms 

shown in grey. Bond information is not indicated. 

 

2.3.4 Crystal Morphology and Surface Structure 

 

2.3.4.1 Alpha-Lactose Monohydrate 

 

The crystal structure details for alpha-lactose monohydrate (ALM) were determined by 

Smith, et al. (2005). Figure 2.22 is an SEM of an alpha-lactose monohydrate crystal 

showing the same morphology as the in silico model. Figure 2.23 shows a three-

dimensional model of an ALM crystal generated with MS Modeling. The dominant 

faces are the {100} family and the triangular shape is thought to be a result of the 

presence of small amounts of the beta-anomer in the structure (Raghavan, et al. 2000). 
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Figure 2.22 Scanning Electron Micrograph (x400 Magnification) of an Alpha-lactose 

Monohydrate Crystal Showing the Dominant Face 

 

 

Figure 2.23 MS Modeling Generated Morphology of an Alpha-lactose Monohydrate Crystal 

with Miller Indices of the Faces Marked 
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The surface chemistry of the (100) and (-100) crystal faces of ALM is shown in figures 

2.24 and 2.25. 

 

 

Figure 2.24 MS Modeling Generated Surface Structure of Alpha-lactose Monohydrate (100) 

Carbon atoms shown in grey, oxygen atoms shown in red, hydrogen atoms shown in white. The (100) 

plane is indicated by the black box. 

 

 

Figure 2.25 MS Modeling Generated Surface Structure of Alpha-lactose Monohydrate (-100) 

Carbon atoms shown in grey, oxygen atoms shown in red, hydrogen atoms shown in white. The (-100) 

plane is indicated by the black box. 

 

The surface chemistry of the ALM {100} faces was dominated by polar OH groups. The 

structure of the faces was broadly grooved. 
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Because the surface chemistry of the {100} ALM faces is dominated by hydrophilic, 

polar groups, the adhesive forces between them and other hydrophilic surfaces may be 

higher than the adhesive forces between them and less polar, more hydrophobic 

surfaces. 

 

2.3.4.2 Salbutamol Base 

 

Figure 2.26 is an SEM of salbutamol base crystals (CS) showing the same morphology 

as the in silico model. Figure 2.27 shows a three-dimensional model of a salbutamol 

base crystal generated with MS Modeling. The crystal habit is dominated by the slow 

growing {200} faces producing a needle-like structure. 

 

 

Figure 2.26 Scanning Electron Micrograph (x200 Magnification) of Salbutamol Base Crystals 

(CS) Showing the Dominant Face 
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Figure 2.27 MS Modeling Generated Morphology of a Salbutamol Base Crystal with Miller 

Indices of the Faces Marked 

 

The surface chemistry of the (200) and (-200) crystal faces of salbutamol base is shown 

in figures 2.28 and 2.29. 

 

Figure 2.28 MS Modeling Generated Surface Structure of Salbutamol Base (200) 

Carbon atoms shown in grey, oxygen atoms shown in red, nitrogen atoms shown in blue, hydrogen atoms 

shown in white. The (200) plane is indicated by the black box. 
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Figure 2.29 MS Modeling Generated Surface Structure of Salbutamol Base (-200) 

Carbon atoms shown in grey, oxygen atoms shown in red, nitrogen atoms shown in blue, hydrogen atoms 

shown in white. The (-200) plane is indicated by the black box. 

 

The chemistry of the {200} faces of salbutamol base is dominated by hydrocarbon 

moieties. The molecules are arranged such that ridges of hydrocarbon stand out from an 

underlying hydrocarbon dominated surface. 

 

These non-polar surfaces may have a relatively weak adhesion to the much more polar 

lactose surfaces because there is little likelihood of polar van der Waals interactions. 

 

2.3.4.3 Salbutamol Sulphate 

 

Figure 2.30 is an SEM of salbutamol sulphate crystals (CS) showing the same 

morphology as the in silico model. Figure 2.31 shows a three-dimensional model of a 

salbutamol sulphate crystal generated with MS Modeling. The crystal habit is dominated 

by the slow growing {200} faces producing a needle-like structure. 
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Figure 2.30 Scanning Electron Micrograph (x150 Magnification) of Salbutamol Sulphate 

Crystals (CS) Showing the Dominant Face 

 

 

Figure 2.31 MS Modeling Generated Morphology of a Salbutamol Sulphate Crystal with Miller 

Indices of the Faces Marked 
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The surface chemistry of the (200) and (-200) crystal faces of salbutamol sulphate is 

shown in figures 2.32 and 2.33. 

 

 

Figure 2.32 MS Modeling Generated Surface Structure of Salbutamol Sulphate(200) 

Carbon atoms shown in grey, oxygen atoms shown in red, nitrogen atoms shown in blue, sulphur atoms 

shown in yellow, hydrogen atoms shown in white. The (200) plane is indicated by the black box. 
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Figure 2.33 MS Modeling Generated Surface Structure of Salbutamol Sulphate (-200) 

Carbon atoms shown in grey, oxygen atoms shown in red, nitrogen atoms shown in blue, sulphur atoms 

shown in yellow, hydrogen atoms shown in white. The (-200) plane is indicated by the black box. 

 

The most accessible chemical moieties on the dominant {200} faces of salbutamol 

sulphate are non-polar hydrocarbon groups. There are also polar OH and NH2 groups 

accessible to the surface but these lie lower than the hydrocarbon groups and thus further 

from the surface of any adjacent particles. 

 

There is some potential for dipole interaction with the surface groups on lactose. The 

adhesion of salbutamol sulphate to lactose may, therefore, be slightly stronger than that 

of salbutamol base. 

 

2.3.4.4 Salbutamol Acetate 

 

Figure 2.34 is an SEM of a salbutamol acetate crystal (CS) showing the same 

morphology as the in silico model. Figure 2.35 shows a three-dimensional model of a 
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salbutamol sulphate crystal generated with MS Modeling. The crystal habit is dominated 

by the slow growing {010} faces producing an elongated cuboid structure. 

 

 

Figure 2.34 Scanning Electron Micrograph (x400 Magnification) of a Salbutamol Acetate 

Crystal (CS) Showing the Dominant Face 

 

 

Figure 2.35 MS Modeling Generated Morphology of a Salbutamol Acetate Crystal with Miller 

Indices of the Faces Marked 
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The surface chemistry of the (010) and (0-10) crystal faces of salbutamol acetate is 

shown in figures 2.36 and 2.37. 

 

 

Figure 2.36 MS Modeling Generated Surface Structure of Salbutamol Acetate (010) 

Carbon atoms shown in grey, oxygen atoms shown in red, nitrogen atoms shown in blue, hydrogen atoms 

shown in white. The (010) plane is indicated by the black box. 
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Figure 2.37 MS Modeling Generated Surface Structure of Salbutamol Acetate (0-10) 

Carbon atoms shown in grey, oxygen atoms shown in red, nitrogen atoms shown in blue, hydrogen atoms 

shown in white. The (0-10) plane is indicated by the black box. 

 

The dominant {010} faces of the acetate contain a mixture of non-polar hydrocarbon 

groups and more polar OH and NH2 groups. 

 

The acetate dominant face chemistry is more polar than any of the other drug crystal 

structures examined and may have the strongest adhesive tendencies with respect to 

lactose because of polar van der Waals forces. 

 

2.3.4.5 Salbutamol Propionate 

 

Figure 2.38 is an SEM of salbutamol propionate crystals (CS) showing the same 

morphology as the in silico model. Figure 2.39 shows a three-dimensional model of a 
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salbutamol sulphate crystal generated with MS Modeling. The crystal habit is dominated 

by the slow growing {002} faces producing a needle-like structure. 

 

 

Figure 2.38 Scanning Electron Micrograph (x150 Magnification) of Salbutamol Propionate 

Crystals (CS) Showing the Dominant Face 

 

 

Figure 2.39 MS Modeling Generated Morphology of a Salbutamol Propionate Crystal with 

Miller Indices of the Faces Marked 
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The surface chemistry of the (002) and (00-2) crystal faces of salbutamol propionate is 

shown in figures 2.40 and 2.41. 

 

 

Figure 2.40 MS Modeling Generated Surface Structure of Salbutamol Propionate (002) 

Carbon atoms shown in grey, oxygen atoms shown in red, nitrogen atoms shown in blue, hydrogen atoms 

shown in white. The (002) plane is indicated by the black box. 
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Figure 2.41 MS Modeling Generated Surface Structure of Salbutamol Propionate (00-2) 

Carbon atoms shown in grey, oxygen atoms shown in red, nitrogen atoms shown in blue, hydrogen atoms 

shown in white. The (00-2) plane is indicated by the black box. 

 

The most accessible chemical moieties on the dominant {002} faces of salbutamol 

propionate are non-polar hydrocarbon groups. There are also polar OH and NH2 groups 

accessible to the surface but these lie lower than the hydrocarbon groups and thus further 

from the surface of any adjacent particles. 

 

There is some potential for dipole interaction with the surface groups on lactose. The 

adhesion of salbutamol propionate to lactose may be slightly stronger than that of 

salbutamol base but less than that of salbutamol acetate. 

 

2.3.4.6 Salbutamol Hydroxynaphthoate 

 

Figure 2.42 is an SEM of salbutamol propionate crystals (CS) showing the same 

morphology as the in silico model. Figure 2.43 shows a three-dimensional model of a 
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salbutamol sulphate crystal generated with MS Modeling. The crystal habit is dominated 

by the slow growing {100} faces producing a hexagonal structure. 

 

 

Figure 2.42 Scanning Electron Micrograph (x120 Magnification) of Salbutamol 

Hydroxynaphthoate (CS) Crystals Showing the Dominant Face 

 

Figure 2.43 MS Modeling Generated Morphology of a Salbutamol Hydroxynaphthoate Crystal 

with Miller Indices of the Faces Marked 
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The surface chemistry of the (100) and (-100) crystal faces of salbutamol 

hydroxynaphthoate is shown in figures 2.44 and 2.45. 

 

 

Figure 2.44 MS Modeling Generated Surface Structure of Salbutamol Hydroxynaphthoate 

(100) 

Carbon atoms shown in grey, oxygen atoms shown in red, nitrogen atoms shown in blue, hydrogen atoms 

shown in white. The (100) plane is indicated by the black box. 
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Figure 2.45 MS Modeling Generated Surface Structure of Salbutamol Hydroxynaphthoate (-

100) 

Carbon atoms shown in grey, oxygen atoms shown in red, nitrogen atoms shown in blue, hydrogen atoms 

shown in white. The (-100) plane is indicated by the black box. 

 

The most accessible chemical moieties on the dominant {100} faces of salbutamol 

hydroxynaphthoate are non-polar hydrocarbon ring systems of the naphthalene portion 

of the salt. There are also polar OH groups accessible to the surface but these lie lower 

than the hydrocarbon groups and thus further from the surface of any adjacent particles. 

 

There is some potential for dipole interaction with the surface groups on lactose. The 

adhesion of salbutamol propionate to lactose may be slightly stronger than that of 

salbutamol base but less than that of salbutamol acetate. 

 

 

 

 



Rapid Preformulation Screening of Drug Candidates for Dry Powder Inhaler Preparation 

 

 

– 121 – 

Chapter 2 – Salbutamol Salt Synthesis and Crystal Structure Determination  

2.4 Summary 

 

The DSC data indicated that the in all cases except propionic acid the bulk recrystallized 

materials produced from the reactions of salbutamol base with the selected acids were 

different from the starting material and were not contaminated by the starting materials. 

For the propionate, it was not clear if the reaction had been successful. 

 

It was decided to proceed with all the materials in further investigations until X-ray 

diffraction analysis could determine the structure and identity of the materials. 

 

The HPLC method used resolved the expected contaminants from the drug peak and the 

lactose to be used in the formulation did not interfere with the analysis. Variations in 

peak retention time and response factor due to temperature changes and deterioration in 

equipment due to usage were compensated for by the use of bracketing calibration 

standards. 

 

The purities of the bulk recrystallized salbutamol base and its salts ranged from 95.9 – 

100.8 % with respect to the supplied salbutamol base that was used to make the 

standards. The salbutamol sulphate (CB) fell outside the desired purity range of 97.0 – 

103.0 %, the supplied salbutamol sulphate was also analysed and found to have a purity 

of 101.2 % with respect to the calibration standards. 

 

The identity of the acetate (CS), propionate (CS), and hydroxynaphthoate (CS) salts was 

confirmed by X-ray diffraction. The identity of salbutamol tartrate could not be 

confirmed by X-ray diffraction because large enough crystals could not be produced for 

the experiment. 

 

The gross morphology and dominant faces of the crystals (CS) were determined by a 

combination of scanning electron microscopy and in silico modelling. The chemical 

moieties exposed on the surfaces of the dominant faces were also determined and 
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qualitative assessment of possible interactions between the surfaces and the dominant 

faces of lactose were made. 

 

The differences in the surface chemistry of the dominant growth faces of the different 

salts and their interactions with the dominant growth face of α-lactose monohydrate may 

affect inter-particle forces either directly or indirectly by modifying the adsorption 

properties of water onto the surfaces and hence capillary forces between them. 

 

The surface of the dominant faces of lactose is characterised by the presence of a high 

density of polar OH groups. These OH groups could interact with other polar groups on 

the surface of other particles by the formation of hydrogen bonds. Salbutamol acetate 

was found to have the most polar dominant faces, characterised by the presence of both 

polar OH groups and non-polar CH groups. Salbutamol base was found to have the least 

polar dominant faces, characterised by non-polar CH groups. The sulphate, propionate, 

and hydroxynaphthoate salts dominant faces had less polar groups than the acetate but 

more than the base. 

 

It might be expected that the chemical interaction between particles of lactose and 

salbutamol acetate would be the strongest, and the chemical interaction between 

particles of lactose and salbutamol base the weakest of the materials tested. 

 

Because of the qualitative nature of the assessment of possible variations in particle-

particle interactions due to the changes in surface chemistry, it is only possible to 

suggest trends that may occur. It has been shown that inter-particle forces and other 

properties can be altered by changing the polymorphic form of a drug (Muster and 

Prestidge 2002). Kiang, et al. (2009) showed that wettability, and hence surface energy 

could be predicted by modelling the surface chemistry of pharmaceutical crystals. These 

chemical changes may have an effect upon the aerosolization performance of the 

formulated drug that is investigated in chapter 5. 
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3 - Inhaleable Salbutamol Salt Production and 

Characterisation 
 

3.1 Introduction 

 

Since particles for inhalation must conform to specific aerodynamic requirements in 

order to be deposited in the airways of the lungs, particle size reduction techniques are 

typically employed. Fluid jet milling is particularly suitable to the size reduction of 

pharmaceutical materials as inter-particle collisions continually lead to particle size 

reduction while the material is suspended in a gas stream. The main advantage of this 

comminution-based approach is in reducing the levels of contamination typically 

associated with liquid suspending agents or grinding media. 

 

Some materials may not mill well in a fluid jet mill because of their physicomechanical 

properties, specifically in relation to their hardness and Young‟s modulus. Very hard 

materials may not break upon collision because insufficient energy is supplied. 

However, organic materials characteristically do not exhibit a high degree of hardness 

and their particle size reduction is thus dominated by their elastic response to an external 

stress i.e. Young‟s modulus. Elastic materials may equally not mill well because of their 

high degree of elastic deformation which may occur during particle-particle collisions 

(Zugner, et al. 2006). 

 

The aims of this chapter were to determine if the Young‟s modulus of salts of 

salbutamol directly affected the milling of the salts, to produce salbutamol base and its 

salts with a particle size distribution compatible with inhalation, and having milled the 

salts to acceptable particle size distributions, to characterize those particle size 
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distributions. Further analyses were carried out to determine the behaviour of the milled 

material. 

 

3.2 Materials and Methods 

 

3.2.1 Determination of Young’s Modulus of Elasticity of Salbutamol 

Salts 

 

There have been several studies highlighting a possible relationship between the 

Young‟s modulus and size reduction ratios of pharmaceutical solids (Taylor, et al. 

2004a; Zugner, et al. 2006). As particle size reduction is a key step in preparing many 

APIs for inhalation formulation, investigation of the Young‟s modulus of the drug 

substances may be a useful preformulation screening technique. 

 

Young‟s modulus measurements have historically been carried out by various beam 

bending and indentation techniques. The beam bending methods required the 

construction of a beam of the test material that was then subjected to a load. Four-point 

beam bending required a large amount of material (several grams) to compress into a 

beam. The three point system required much less material (ca. 200 mg) (Rowe and 

Roberts 1995). The amount of material required made these systems unattractive for this 

study. More importantly, the construction of the beams – compressing the powder into a 

die – could affect their physical properties and it is known that the porosity of the 

resultant beam does affect its behaviour under load (Rowe and Roberts 1995). 

 

Micro- and nanoindentation techniques are more attractive to pharmaceutical studies 

because they can be carried out on individual crystals or particles. Typically, these 

methods apply a known load through a sharp indenter to the surface of the test material. 

The atomic force microscope (AFM) was first reported for this use by Kulkarni and 
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Bhushan (1996). The displacement of the indenter as a function of the applied load is 

plotted producing a curve with a marked hysteresis as shown in figure 3.1. These data 

are then be used to calculate Young‟s modulus. 

 

 

Figure 3.1 Typical Load – Displacement Curve for Indentation Experiments to Determine 

Young’s Modulus of Elasticity 

 

The use of a sharp probe, with a tip radius of a few nanometres, means that even at low 

loads, very high pressures occur. These high pressures may produce plastic deformation 

of the sample. This in turn accounts for the discontinuity seen in the typical load – 

displacement curve. In calculating a value for Young‟s modulus, the slope of the initial 

section of the unloading curve is typically used presumably because it is easier to extract 

that data automatically and the data may be more reproducible. Unfortunately, since the 
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material may have already been plastically deformed, any value calculated for Young‟s 

modulus using these data do not necessarily correspond to the value for the raw material. 

 

To avoid these problems, a method recently developed by Perkins, et al. (2007) was 

employed for this study using a relatively blunt probe and Young‟s modulus was 

calculated from the initial portion of the loading curve under Hertzian (elastic) 

deformation. The advantage of using the AFM to carry out these experiments is that the 

precision of the probe-sample interaction allows very small samples to be used, and a 

number of indentations can be carried out over a number of well-defined areas on the 

substrate surface. 

 

In addition to using the AFM for nanoindentation, the samples were also analyzed 

externally using a Nanotester 600 (Micro Materials Ltd, Wrexham, UK) at Pfizer Ltd, 

with a method as outlined by Taylor, et al. (2004b) for comparison with the AFM 

measurements. However, only two samples were tested and no statistical data was 

supplied with the results. 

 

The samples chosen for AFM nanoindentation analysis were the bulk recrystallized drug 

samples (CB) (see section 2.2.3) prior to micronization because of the relationship 

between Young‟s modulus and size reduction. The crystalline salts used for the 

Nanotester system were produced by the standing drop technique (CS) as larger crystals 

were required for this analysis. 

 

3.2.1.1 Equipment and Operation 

 

A Multimode Scanning Probe Microscope fitted with a J Scanner and a Nanoscope 

IIIa controller (Digital Instruments, Cambridge, UK) was used in this study. The optical 

head and scanner of the Multimode is shown in figure 3.2. 
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Figure 3.2 Multimode Atomic Force Microscope Showing Key Parts 

 

For the Multimode AFM, the substrate to be examined is placed onto a piezo-electric 

scanner. The scanner is constructed from a cylinder of doped zirconium titanate. The 

scanner can be moved in three dimensions by the application of a calibrated high voltage 

across its three axes. The movement of the scanner can be controlled with an accuracy of 

0.1 nm (Wickramasinghe 2000). The x, y, and z response of the AFM piezo was 

calibrated every 6 months by the suppliers (Veeco, Cambridge, UK). The calibration 

process involves using the AFM to scan a silicon calibration reference grid with 

precisely known surface pits with well-defined dimensions. The known dimensions of 

the reference features were compared to the dimensions measured by the AFM. The 
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calibration parameters were then adjusted until the AFM measurements match the true 

dimensions of the reference. The vertical movement of the scanner was measured by the 

defection of the cantilever and calibrated with reference to the heights of the etched pits 

in the silicon calibration grid (Digital_Instruments 1998). 

 

In this study, all measurements were carried out under controlled environmental 

conditions of temperature and relative humidity to minimise thermal drift effects on the 

scanner. A custom-built perfusion unit was used to continuously purge the optical head 

of the AFM with nitrogen at a controlled relative humidity. The nitrogen stream was 

split; one pathway was bubbled through water and was then recombined with the other, 

dry supply. The ratio of dry and wet nitrogen was adjusted to obtain the required relative 

humidity. The relative humidity and temperature in the AFM head were monitored with 

a humidity sensor (Rotronic Instruments Ltd, West Sussex, UK) and maintained at 25  

2 C and a relative humidity of 40  5 % for all experiments. 

 

Bulk recrystallized drug samples (CB) (see section 2.2.3) were mounted on freshly 

exposed mica (Agar Scientific, Stansted, UK) using Microstik glue (Agar Scientific, 

Stansted, UK) that was attached to metal AFM stubs with epoxy resin (Bostik Ltd, 

Leicester, UK). 

 

The probe used was a silicon TESP cantilever (Veeco Metrology Inc, California, USA), 

with a spring constant of 36.53 Nm
-1

 (measured by the manufacturer using the thermal 

noise technique (Hutter and Bechhoefer 1993)). The tip was blunted to a radius of ca. 

30nm by scanning the tip across a clean glass surface. The size of the probe tip was 

confirmed by using the tip reconstruction method outlined by Hooton, et al. (2003) using 

a TGT01 tip characterization grating  (NT-MDT Co., Moscow, Russia). Briefly, the 

technique uses the effect known as tip reconstruction imaging, which occurs when a 

probe is scanned across a surface containing asperities that are sharper than the imaging 

probe (Villarubia 1997; Kitching, et al. 1999), providing a topographical reconstruction 
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of the scanning tip. Analysis of the reconstruction image allows the radius of the probe 

to be measured. 

 

For nanoindentation measurements, the AFM was set-up in Force Mode. The substrate 

(firmly secured to its metal stub) was placed onto the magnetic holder in the scanner. 

The cantilever chip was inserted into the tip holder. The tip holder was inserted into the 

scanning head and clamped in place. The perfusion unit was attached and the AFM head 

allowed to equilibrate to 25  2 C and a relative humidity of 40  5 %. The area of 

interest on the substrate was located. The cantilever tip was moved to the area of 

interest. The cantilever tip was subsequently lowered until it was in close proximity to 

the substrate. The laser was moved to locate the free end of the cantilever, maximising 

the response of the photodetector. The mirror in the optical head of the AFM was further 

adjusted to maximise the signal indicated on the signal sum display. Fine adjustments 

were made to the laser position on the cantilever. The lateral and vertical voltage 

readings were zeroed to move the laser to the centre of the four-quadrant detector. 

 

In Force Mode, the scan size was set to 0 μm and the setpoint to 0.00 V. The vertical 

photodetector signal (A-B) was set to –2.5 V. The sample was displaced vertically until 

the deflection of the cantilever reached the desired setpoint, known as the point of 

engagement. In “Force plot” mode the setpoint was reduced to minimise the load or 

tracking force between the probe and the substrate. From the force-distance curve 

obtained, the detector sensitivity was set by measuring the gradient of the force plot in 

the zone of constant compliance. The input attenuation of the photodiode was set to 1 

and the trigger threshold was set to relative. The trigger threshold for all experiments 

was set to 40 nm; this corresponds to the press-on distance of the probe prior to the 

separation of the probe and the substrate. The z-scan rate was pre-set to 0.5 Hz. The 

loading and unloading curves of the approach and retraction cycle of a force-distance 

curve were recorded. Because of the small size of the crystals used, only 1 measurement 

was taken per crystal. A total of 5 crystals were tested, for salbutamol base and each salt. 
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To calculate the indentation depth of the probe in the substrate of interest, a reference 

surface was analysed under the same conditions. The reference substrate should have a 

high Young‟s modulus such that under nanoloading, there is no measureable indentation 

of the probe. In this study, the (110) face of a silicon wafer (Young‟s modulus 0f 

150Gpa) was employed. The difference between the displacement versus loading 

recorded for the reference and the sample is used to calculate the indentation depth. A 

representative diagram of the difference between the deflection for a reference and 

sample is shown in figure 3.3. 

 

 

Figure 3.3 Nanoindentation Measurement Set-up Using an Atomic Force Microscope Showing 

the Difference Between Reference and Sample Measurements 

 

3.2.1.2 Nanoindentation Data Treatment 

 

The nanoindentation data for the reference and sample was manipulated as indicated in 

the flow diagram shown in figure 3.4. The annotations A – K of the various processes 

are explained in more detail in the text. 
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Figure 3.4 Flow Chart for Nanoindentation Data Treatment 

(see text for explanation of annotations A – K) 
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A – The output voltage from the AFM corresponds to the vertical deflection (A-B) of the 

laser on the four-quadrant detector. The voltage was converted into a distance using 

equation 3.3 (Digital_Instruments 1998): 

 

Equation 3.1   

 

where instrument sensitivity is the calibrated input sensitivity of the AFM four-quadrant 

detector, attenuation is pre-set by the operator (to either x1 or x8), detector sensitivity is 

the slope of the deflection versus z voltage line when the probe is in the zone of constant 

compliance. 

 

B – The z-step size is calculated using equation 3.4: 

 

Equation 3.2   

 

Where the scan size and the number of steps per scan are set by the operator. 

 

C – Plotting deflection versus cumulative z-step produces a plot similar to that shown in 

figure 3.5 
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Figure 3.5 Typical Deflection versus Cumulative z-step Graph for a Nanoindentation 

Experiment Carried Out Using an Atomic Force Microscope 

 

D – The point of contact is determined from the deflection versus cumulative z-step 

graph as shown in figure 3.5. 

 

E – The point of contact is set as the origin, and the other points from the point of 

contact to the end of the indentation are adjusted accordingly. The data prior to the point 

of contact is discarded from further analysis. 

 

F – The new deflection values of the sample of interest are plotted against the new 

cumulative z-step values. The plot for the sample should be lower than that for the 

reference because as the probe indents the sample but not the reference, the deflection 

recorded for the reference is greater. 
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G – The loading force is calculated using Hooke‟s law shown in equation 3.5: 

 

Equation 3.3  kxF   

 

Where F is the force, k is the spring constant of the cantilever, and x is the deflection 

distance of the cantilever. 

 

H – The indentation of the probe into the sample is calculated as difference between the 

deflection of the probe on the reference and the deflection of the probe on the sample 

under the same load. 

 

I – The loading force is plotted against the indentation
3/2

 (shown in figure 3.6). 
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Figure 3.6 Typical Nanoindentation Graph of Loading Force versus Indentation
3/2

 from an 

Atomic Force Microscope Determination of Young’s Modulus Experiment 

 

J – The gradient of the loading force versus indentation
3/2

 graph is calculated. 

 

K – The Young‟s modulus is calculated from the Hertzian model of deformation (Hertz 

1881) using the  equation 3.6: 

 

Equation 3.4  
 

2
1
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Where ν is the Poisson‟s ratio of the indented material, k is the spring constant of the 

cantilever, Δz is piezo displacement, δ is the deformation of the surface of the indented 

material, and R is the radius of the indenter. The indenter is assumed to be spherical and 

the model ignores the elastic response of the indenter. Poisson‟s ratio is the relationship 
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between the expansion of a material in two directions when it is compressed in the third 

direction. Poisson‟s ratio is difficult to determine experimentally, especially for small 

samples. A Poisson‟s ratio of 0.3, typical of organic crystalline material, has been used 

in these calculations for all materials. 

 

The loading force corresponds to kΔz and the indentation
3/2

 corresponds to δ
3/2

. The 

gradient of the graph shown in figure 3.6 is substituted into equation 3.6 together with 

the Poisson ratio and the contact radius of the probe to calculate a value for the Young‟s 

modulus. 

 

3.2.2 Micronization 

 

Drug particles are typically produced in the desired size range by high-energy milling. 

Whilst this is successful at generating particles of the appropriate size, milling does not 

provide any control of the morphology of the particles produced and may have 

undesirable effects such as the formation of amorphous material. The generation of 

amorphous disorder often leads to instability and may lead to significant stability issues 

of the formulation e.g. by formation of solid crystal bridging between particles due to 

the re-crystallisation upon exposure to elevated environmental conditions of temperature 

and/or relative humidity (Podczeck 1998b). 

 

There are several particle-engineering techniques in development that can control the 

size range; morphology, crystallinity, and density of the particles produced e.g. spray 

drying and super-critical fluid techniques. However, these have several associated 

problems, e.g. spray drying produces amorphous particles and the cost and scale-up 

issues of supercritical fluid based technologies. As a result, milling remains the primary 

source of drug particles for inhalation preparations (Fages, et al. 2004). 
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Figure 3.7 shows a schematic of a fluid jet mill milling ring, where the particles undergo 

comminution. 

 

 

Figure 3.7 Schematic of a Typical Fluid Jet Milling Ring 

 

Air (or another gas) is fed into the outer ring under pressure and it passes through the 

jets into the inner ring. The angle of the jets determines the path of the airflow and thus 

the suspended particles. The material to be milled is fed into the inner ring, via a 

Venturi, where it is accelerated into the spiral path of the airflow. Inter-particle 

collisions are the main source of the comminution. Larger particles experience a larger 

force upon them, which is tangential to the airflow and so these larger particles are less 

likely to exit the milling ring via the central exit hole. The particle size distribution 

(PSD) of the product can be modified by changing the solid feed rate and the air 

pressure. Changing the angle of the air jets also affects performance, but this option is 

not widely available in jet mills. 

 

The aim of the milling operation was to produce samples of each drug with similar PSDs 

where: 
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 d10 < 1 μm 

1.5 μm < d50 < 2.5 μm 

d90 < 9 μm. 

 

3.2.2.1 Equipment and Operation 

 

The drug components in this study were milled using an MC One® fluid jet mill 

(Jetpharma SA, Balerna, Switzerland), chosen because of its suitability to milling small 

quantities of material. Three experimental variables are available with this equipment – 

the feed rate, the milling air pressure, and the Venturi air pressure. Each sample from the 

bulk recrystallization (CB) was initially milled with a feed rate of 1 gmin
-1

, milling air 

pressure of 2 bar, and a Venturi air pressure of 3 bar. After processing ~0.5 g of 

material, the product was analysed microscopically to determine if it had been milled 

successfully. The conditions were modified if it appeared that the product had not 

milled. The final milling conditions used are shown in table 3.1. The feed level indicates 

the flowability of the material, where higher numbers indicate lower flowability of the 

sample. 

 

Material Feed Level Milling Pressure 

(bar) 

Venturi Pressure 

(bar) 

Base (CB) 7 2 3 

Sulphate (CB) 3 2 3 

Acetate (CB) 7 3 3.5 

Propionate (CB) 7 2 3 

Tartrate (CB) 8 2 3 

Hydroxynaphthoate (CB) 7 3 4 

Table 3.1 Milling Conditions used to Micronize Salbutamol Salts 
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The micronized material is referred to throughout the text as (CM). 

 

3.2.3 Scanning Electron Microscopy 

 

The scanning electron microscope was discussed in section 2.2.8. 

 

3.2.3.1 Equipment and Operation 

 

Scanning electron micrographs were prepared of salbutamol base and its salts before and 

after the micronization to visually assess any changes. 

 

Representative powder samples of salbutamol base and its salts (both (CB) an (CM)) were 

sprinkled onto carbon-coated adhesive tabs that were attached to metal stubs. Each 

sample holder was then coated with a thin layer of gold by vapour deposition. The 

vapour deposition was achieved by use of a sputter coater (S150B, Edwards High 

Vacuum, Sussex, UK). The electron micrographs were generated using a JEOL 6310 

SEM (Japanese Electron Optics Ltd, Tokyo, Japan). 

 

3.2.4 Particle Sizing 

 

Knowledge of the particle size distribution (PSD) of raw ingredients can be very 

important in pharmaceutical formulation, particularly for quality control to ensure batch-

to-batch reproducibility. For this study, its primary purpose was to determine the PSDs 

of the micronized drugs in ensuring their suitability for inhalation formulations. 

 

Several techniques are available for particle sizing: sieving, examination by various 

forms of microscopy, time of flight analysis, impaction, and low angle laser light 

scattering (LALLS) (Zeng, et al. 2001a). 
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LALLS was chosen for this study because it offers very rapid, highly reproducible 

results (de Boer, et al. 2002). These advantages have made it a standard technique in the 

industry and it is applied to many aspects of aerosol and inhalation studies. The main 

disadvantages of LALLS are that it does not directly measure the aerodynamic diameter 

of the particles, and all particles are assumed to be of spherical in shape. 

 

The LALLS technique employs a monochromatic, collimated light source, which is 

passed through a suspension of the particles being measured. The incident beam of light 

is diffracted by particles suspended either in a liquid medium or in an airflow and the 

diffraction pattern generated is recorded. Light incident upon the particles may interact 

in four ways: reflection (both internal and external), absorption, diffraction, and 

refraction. 

 

One of two different models is typically used to evaluate the data produced by LALLS: 

the Fraunhofer approximation or Mie theory. Application of either to the diffraction 

pattern produced will determine a PSD. 

 

Mie theory gives a more accurate assessment of the PSD, particularly as the particle 

sizes approach the wavelength of the diffracted light (typically sub-micron). However, 

Mie theory requires knowledge of the refractive index of both the particles and the 

suspending media (Mitchell and Nagel 2004). Since the refractive index of the particles 

was not known, the Fraunhofer approximation was used to calculate the PSDs. 

 

The PSDs are determined by comparison of the generated diffraction pattern to 

theoretical patterns (BSI 1999). PSDs are often summarised numerically by defining the 

10
th

, 50
th

, and 90
th

 percentiles (d10, d50, d90) i.e. the particle size corresponding to 10, 50, 

and 90 % of the particles (by volume) in a cumulative distribution. 
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3.2.4.1 Equipment and Operation 

 

All analyses were performed using a HELOS/BF laser diffraction sensor. The powder 

sample was fed via an ASPIROS micro dosing unit into a RODOS dry dispersing unit 

(all from Sympatec GmbH, Clausthal-Zellerfield, Germany). The dispersing pressure 

was set at 2 bar, the vacuum applied was 20 mbar, and the feed velocity was 20 mms
-1

. 

These analytical conditions were found to be suitable for giving reproducible PSDs for 

micronized powders when the equipment was installed by the manufacturers. 

Approximately 20 mg of sample was used for each analysis. All analyses were carried 

out in triplicate and the means and standard deviations calculated for the d10, d50, and d90 

values. This system has several lenses available for measuring different particle size 

ranges. Initial measurements of the micronized drug were carried out using an R1 lens 

(0.18 – 35 μm), later measurements of micronized drug and milled lactose were carried 

out using an R3 lens (0.9 – 175 μm) (as the R1 lens was not available) and the 

measurement of the carrier lactose was carried out using an R4 lens (1.8 – 350 μm). 

 

The particle size distributions of the micronized materials (CM) were characterized by 

their 10
th

, 50
th

, and 90
th

 percentiles, as well as their skewness and kurtosis. Skewness 

(Sk) is a measure of the symmetry of a distribution about its mean value and is 

calculated using equation 3.7: 

 

Equation 3.5  
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where x  is the mean value and s is the standard deviation. A negative value of skewness 

indicates the distribution is skewed towards lower values, positive skewness indicates 

the distribution tails more to the higher values. Kurtosis (Ku) is a measure of the flatness 

of the distribution relative to a normal distribution and is calculated as shown in 

equation 3.8: 
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Equation 3.6  
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where x  is the mean value and s is the standard deviation. The lower the Kurtosis value, 

the flatter the distribution is. 

 

It is worth noting here that wet and dry dispersion systems used in measuring PSDs by 

LALLS perform differently. Since all the powders under study were supplied and used 

dry, they were all analysed using a dry dispersion method. 

 

3.2.5 Karl Fischer Moisture Titration 

 

Karl Fischer titration is a method of determining the water content of a sample, probably 

the most frequently used (Patnaik 2004). It is governed by the following reaction 

(Maruyama 1996): 

 

    343222 23 CHSORNHIRNHRNOHCHSOIOH   

 

Methanol (CH3OH) reacts with an amine (RN) and sulphur dioxide (SO2) to form an 

alkylsulphite ((RNH)SO3CH3) salt. The alkylsulphite salt is oxidised by iodine (I2) in 

the presence of water (H2O) to produce and alkylsulphate ((RNH)SO4CH3) salt. For each 

mole of water consumed by this reaction, two moles of electrons are transferred 

(Connors 1988; Maruyama 1996). 

 

The reaction is carried out in a dry, non-aqueous system, so the amount of reaction is 

controlled by the water content of the added sample. The iodine is generated in situ by 

electrolysis until an excess of iodine is detected signalling the end of the reaction. 
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3.2.5.1 Equipment and Operation 

 

The samples tested were the micronized materials (CM). All samples were tested in 

triplicate. Prior to analysis, all samples were stored at 25 °C and 43 %RH. The 

equipment was cleaned and fresh coulometric reagents were introduced to the equipment 

before testing. The catholyte had a capacity for determining up to 300 mg water, and the 

analyte had a capacity of up to 1000 mg water. About 15 mg of sample was weighed 

into the titration cell of an MKC-510 Karl Fischer coulometric moisture titrator (Kyoto 

Electronics, Tokyo, Japan). The water content of the sample was then measured. 

 

3.2.6 Dynamic Vapour Sorption 

 

Dynamic vapour sorption (DVS) is a gravimetric analytical technique that can be used to 

investigate the effects of moisture sorption under well-defined conditions of relative 

humidity and temperature. A typical DVS system consists of a Cahn microbalance and 

humidity controlling device contained within an incubator (Buckton and Darcy 1995). A 

sample is suspended from the microbalance and its weight recorded whilst the 

temperature and humidity are modified. The response of the samples weight to these 

changes can indicate the gain or loss of adsorbed material from the surface. 

Recrystallization of amorphous material may be observed as a weight loss with 

increasing humidity after an initial weight gain. This profile is caused by the amorphous 

material taking up water (or other solvent) that then acts as a plasticizer. The presence of 

the water allows for molecular re-alignment and then recrystallization. Finally it is 

expelled from the recrystallized material (Buckton and Darcy 1995; Buckton 1997). 
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3.2.6.1 Equipment and Operation 

 

The equipment used in this study was a DVS-1 (Surface Measurement Systems Ltd, 

London, UK) capable of accurately measuring weight changes of ±150 mg. The balance 

had been calibrated annually by the manufacturers using reference weights and the 

humidity probe using saturated salt solutions. The sample of micronized drug (CM) (10-

20 mg) was weighed into a tared sample holder and was hermetically sealed into the 

equipment. The system was allowed to equilibrate at 25 °C and 43 %RH to eliminate the 

possible build-up of electrostatic charges. The relative humidity was then reduced to 0 % 

for 5 hours, increased to 100 % for 15 hours, and then reduced to 0 % for 5 hours. The 

temperature was maintained at 25 °C throughout each experimental run. 

 

3.2.7 Estimation of Hydrophobicity 

 

The inter-particle forces in dry powder inhaler (DPI) formulations may be directly 

affected by the surface chemistry of the particles, which may in turn be influenced by 

the surface chemistry of the dominant crystal faces prior to milling. The hydrophobicity 

of the drugs may also be affected by the surface chemistry in a similar manner, i.e. a 

polar surface may hold onto any adsorbed water more strongly than a non-polar surface, 

and therefore influence capillary forces. 

 

The hydrophobicity of a material is often calculated by measuring the contact angles of 

sessile drops of liquids with well-defined characteristics. The contact angles are then 

used to determine the surface free energy of the material under study (Good 1992). This 

technique was rejected due to the necessity of preparing compacts of the test materials 

(see section 2.8.1). However, the possibility remained that hydrophobicity might provide 

a screening technique relating to formulation performance because hydrophobicity is 

related to the inter-particle forces (Zeng, et al. 2001a). It was decided to attempt to 

estimate the hydrophobicity of the drug materials as a ratio of the weight loss measured 
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using dynamic vapour sorption (DVS) to the total water content determined by Karl 

Fischer (KF) titration. 

 

The initial weight loss measured in the DVS when the relative humidity was reduced 

from 100 % to 0 % was divided by the total water content measured by KF titration and 

expressed as a percentage. 

 

3.2.8 Statistical Analysis 

 

Where statistical analysis was used, the mean value ( x ) of a population was calculated 

as the sum of the values divided by the number of values: 

 

Equation 3.7  
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The standard deviation (SD) of a population, a measure of spread, was calculated as: 

 

Equation 3.8   
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The SD values have been plotted as error bars on graphs throughout this study where the 

mean value has been plotted. For tabulated data, where the SD value is included, it is 

shown in parentheses after the mean value. 

 

Statistical analysis between different populations was carried out by one-way analysis of 

variance (ANOVA). Where the populations were found to be different, they have been 

marked with asterisks (*) or daggers (†). Populations were regarded as significantly 

different if the assumption of similarity was rejected with a probability greater than 95 
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% (P < 0.05) (shown with one asterisk) or 99 % (P < 0.01) (shown with two asterisks). 

The asterisks are shown only in the tables of results for clarity.  

 

One-way ANOVA used because in all cases a single variable was under consideration. 

Tukey‟s Honestly Significant Difference test was used to look for profound changes in 

the performance of non-standard salts of salbutamol and because the testing was 

unplanned i.e. none of the drug forms had a predictable or known behaviour prior to 

analysis. 

 

3.3 Results and Discussion 

 

3.3.1 Young’s Modulus Determination 

 

The AFM nanoindentation and Nanotester measurements of salbutamol base and its salts 

are shown in table 3.2. 

 

Sample AFM determined Young’s 

modulus (CB) 

(GPa) 

Nanotester determined 

Young’s modulus (CS) 

(GPa) 

Base 1.46 (0.04) 10.4 

Acetate 6.51 (0.69)** - 

Propionate 1.49 (0.12) - 

Tartrate 2.66 (0.73) - 

Hydroxynaphthoate 2.50 (0.33) 17.5 

Sulphate 2.15 (0.24) - 

Table 3.2 Young’s Modulus Values Determined by AFM (CB) and Nanotester (CS) (** P < 

0.01 with respect to the base) 

(n = 5 for AFM measurements) 
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The two techniques produced very different results for the base and hydroxynaphthoate, 

however the ratio of the Nanotester value to the AFM value is almost identical, 7.12 for 

the base and 7.00 for the hydroxynaphthoate. 

 

Acetate (CB) was the only salt to show a statistically different value of Young‟s Modulus 

to the base (P < 0.01). As acetate had a higher value for E than the other materials, it 

might be expected to mill more easily than the other salts due to its increased plasticity. 

 

Comparison of other studies indicate that measurement of the value of Young‟s Modulus 

for powders is currently highly method dependent, mainly because of the 

approximations required by the various different techniques. The values are also batch 

dependent with respect to different crystallization conditions. Published values of 

Young‟s Modulus for alpha-lactose monohydrate from several studies are shown in table 

3.3. 

 

Source Method Young’s modulus (GPa) 

Zugner, et al. (2006) AFM with sharp indenter 23 - 25 

Wong, et al. (1988) Microindenter 0.8 - 1.5 

Perkins, et al. (2007) AFM 3.5 - 5.4 

Perkins, et al. (2007) Conventional nanoindenter 3 - 7 

Roberts, et al. (1991) Three point beam bending 24.06 

Table 3.3 Literature Values of Young’s Modulus for Alpha-Lactose Monohydrate 

 

3.3.2 Scanning Electron Microscopy 

 

Figures 3.8 – 3.13 show scanning electron micrographs of the drug salts before and after 

micronization. 
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Figure 3.8 Scanning Electron Micrographs (x2000 Magnification) of Salbutamol Base Before 

(CB) and After Micronization (CM) 

 

 

Figure 3.9 Scanning Electron Micrographs (x2000 Magnification) of Salbutamol Sulphate 

Before (CB) and After Micronization (CM) 
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Figure 3.10 Scanning Electron Micrographs (x2000 Magnification) of Salbutamol Acetate 

Before (CB) and After Micronization (CM) 

 

 

Figure 3.11 Scanning Electron Micrographs (x2000 Magnification) of Salbutamol Propionate 

Before (CB) and After Micronization (CM) 
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Figure 3.12 Scanning Electron Micrographs (x2000 Magnification) of Salbutamol Tartrate 

Before (CB) and After Micronization (CM) 

 

 

Figure 3.13 Scanning Electron Micrographs (x2000 Magnification) of Salbutamol 

Hydroxynaphthoate Before (CB) and After Micronization (CM) 

 

It is apparent from figures 3.8 – 3.13 that the particle sizes of the starting materials were 

not very large. Consequently, the intensity of milling process may not have been 

required to be very great in order to reduce the particles to an inhaleable size range. 

 

Salbutamol tartrate was very different in appearance to the other materials because of its 

high aspect ratio. The hydroxynaphthoate particles were relatively plate-like in form. 

The other materials were intermediate in form between the tartrate and 

hydroxynaphthoate with some particles being needle-like and others more plate-like. 
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3.3.3 Particle Size Distribution Determination 

 

3.3.3.1 Salbutamol Base (CM) 

 

The particle size distribution (PSD) of the milled salbutamol base (CM) is shown in 

Figure 3.14. 

 

 

Figure 3.14 Particle Size Distribution of Milled Salbutamol Base (CM), Measured by Laser 

Diffraction 

(Error Bars Indicate Standard Deviation, n = 3) 

 

The particle size distribution of the milled salbutamol base (CM) was characterised by a 

main peak with a mode at 3.2 μm with a small shoulder between 0.2 – 1.0 μm. 
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3.3.3.2 Salbutamol Sulphate (CM) 

 

The PSD of the milled salbutamol sulphate (CM) is shown in Figure 3.15. 

 

 

Figure 3.15 Particle Size Distribution of Milled Salbutamol Sulphate (CM), Measured by Laser 

Diffraction 

(Error Bars Indicate Standard Deviation, n = 3) 

 

The particle size distribution of the milled salbutamol sulphate (CM) was characterised 

by a main peak with a mode at 3.0 μm with a small shoulder between 0.2 – 1.0 μm 

peaking at 0.6 μm. 

 

Since this sulphate (CM) was later rejected because of its high water content, the PSD of 

the replacement material was also determined. The same lens was not available for this 
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later analysis, so the rejected material was re-analysed as a comparison. Both PSDs are 

shown in figure 3.16 (obtained using an R3 lens). 

 

 

Figure 3.16 Particle Size Distribution of Milled Salbutamol Sulphate (Recrystallized (CM) 

versus as Supplied), Measured by Laser Diffraction 

(Error Bars Indicate Standard Deviation, n = 3) 

 

The PSDs of the two batches of sulphate were very similar. Since the initial analysis of 

the sulphate PSD (using an R1 lens) was more detailed, this was used for the summary 

comparison in table 3.4 in section 3.3.3.7. 

 

3.3.3.3 Salbutamol Acetate (CM) 

 

The PSD of the milled salbutamol acetate (CM) is shown in Figure 3.17. 
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Figure 3.17 Particle Size Distribution of Milled Salbutamol Acetate (CM), Measured by Laser 

Diffraction 

(Error Bars Indicate Standard Deviation, n = 3) 

 

The particle size distribution of the milled salbutamol acetate (CM) was characterised by 

a main peak with a mode at 3.0 μm and a small shoulder between 0.2 - 1.0 μm. 

 

3.3.3.4 Salbutamol Propionate (CM) 

 

The PSD of the milled salbutamol propionate (CM) is shown in Figure 3.18. 
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Figure 3.18 Particle Size Distribution of Milled Salbutamol Propionate (CM), Measured by 

Laser Diffraction 

(Error Bars Indicate Standard Deviation, n = 3) 

 

The particle size distribution of the milled salbutamol propionate (CM) was characterised 

by a main peak with a mode at 2.1 μm and a small shoulder between 0.2 - 0.8 μm. The 

distribution was the least broad of those measured. 

 

3.3.3.5 Salbutamol Tartrate (CM) 

 

The PSD of the milled salbutamol tartrate (CM) is shown in Figure 3.19. 
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Figure 3.19 Particle Size Distribution of Milled Salbutamol Tartrate (CM), Measured by Laser 

Diffraction 

(Error Bars Indicate Standard Deviation, n = 3) 

 

The particle size distribution of the milled salbutamol tartrate (CM) was the broadest 

measured. It was characterised by a main peak with a mode at 1.8 μm and a slight 

shoulders between on both sides of the distribution. 

 

The broadness of the PSD may have been due to the high aspect ratio of the particles i.e. 

the particle size measured when a particle‟s long axis is orthogonal to the laser was 

likely to be much greater than when its shorter axes were across the laser. 
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3.3.3.6 Salbutamol Hydroxynaphthoate (CM) 

 

The PSD of the milled salbutamol hydroxynaphthoate (CM) is shown in Figure 3.20. 

 

 

Figure 3.20 Particle Size Distribution of Milled Salbutamol Hydroxynaphthoate (CM), 

Measured by Laser Diffraction 

(Error Bars Indicate Standard Deviation, n = 3) 

 

The particle size distribution of the milled salbutamol hydroxynaphthoate (CM) was 

characterised by a main peak with a mode at 4.2 μm with a small shoulder between 1.5 – 

2.1 μm and a broader shoulder between 0.2 - 0.8 μm. 
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3.3.3.7 Summary of Particle Size Distribution Data 

 

The PSDs are summarised numerically in table 3.4 with the skewness and kurtosis 

values of the respective distributions. 

 

Material d10 (μm) d50 (μm) d90 (μm) Skewness Kurtosis 

Base (CM) 0.71 

(0.01) 

2.56 

(0.02) 

5.29 

(0.03) 

0.94 -0.50 

Sulphate (CM) 0.57 

(0.01) 

2.21 

(0.02) 

5.33 

(0.18) 

0.57 -1.05 

Acetate (CM) 0.63 

(0.01) 

2.30 

(0.06) 

5.38 

(0.03) 

 0.63 -1.02 

Propionate (CM) 0.59 

(0.01) 

1.84 

(0.01) 

3.75 

(0.02) 

0.92 -0.50 

Tartrate (CM) 0.56 

(0.01) 

1.81 

(0.01) 

6.60 

(0.01) 

0.16 -1.3 

Hydroxynaphthoate 

(CM) 

0.66 

(0.01) 

2.99 

(0.03) 

6.94 

(0.07) 

0.63 -0.91 

Table 3.4 Particle Size Distribution Summary for Salbutamol Salts (CM) 

(Standard Deviations Shown in Brackets, n = 3) 

 

The PSDs outlined in table 3.4 indicate that all the micronized drugs (CM) were suitable 

for inhalation formulation. The d50 values for the base and hydroxynaphthoate fell 

outside the desired specification by 0.06 and 0.49 μm respectively. 

 

3.3.3.8 Discussion 

 

Analysis of the particle size distributions for each salbutamol salt and the base indicates 

that there are differences in the milled materials though all are suitable for inhalation. 
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All of the PSDs, except that of the tartrate, were characterized by a main peak with a 

secondary peak or shoulder at lower particle size. The presence of these shoulders may 

be attributed to the use of Fraunhofer theory to determine the PSD, as this method tends 

to overestimate the fine particle content (Cyr and Tagnit-Hamou 2001). The variations in 

the positions of the main peak was due to the differences in physical properties of the 

materials – Young‟s modulus and hardness (Zugner, et al. 2006), the size of the feed 

material, and the processing parameters – milling pressure and feed rate (Gommeren, et 

al. 2000). 

 

The tartrate had a broader, more evenly spread distribution, indicated by both a low 

skewness value and low kurtosis value. The broadness of the tartrate distribution may be 

due to the shape of the particles, which had a higher aspect ratio than the other materials 

(figure 3.19). 

 

3.3.4 Karl Fischer Moisture Titration 

 

The mean water contents of the micronized materials are shown in table 3.5. All but one 

of the samples contained less than 1 % water. If any of the materials had formed a 

monohydrate, their water content (in the absence of adsorbed moisture) would be as 

detailed in table 3.6. 
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Sample Mean Water Content (%w/w) 

Salbutamol base (CM) 0.54 (0.14) 

Salbutamol sulphate (CM) 3.25 (0.03) ** 

Salbutamol acetate (CM) 0.63 (0.07) 

Salbutamol propionate (CM) 0.50 (0.02) 

Salbutamol tartrate (CM) 0.65 (0.04) 

Salbutamol hydroxynaphthoate (CM) 0.42 (0.04) 

Table 3.5 Mean Water Content Determined by Karl Fischer Titration (** P < 0.01 with 

Respect to the Base) 

(Standard Deviations Shown in Brackets, n = 3) 

 

The total water content of all the samples combined was below the capacity of the 

coulometric reagents. 

 

Sample Molecular  

Mass 

Molecular  

Mass of 

Theoretical 

Monohydrate 

Water Content of 

Theoretical 

Monohydrate 

(%w/w) 

Salbutamol base 239.31 257.33 7.00 

Salbutamol sulphate 576.70 594.72 3.03 

Salbutamol acetate 299.36 317.38 5.68 

Salbutamol propionate 313.39 331.41 5.44 

Salbutamol tartrate 628.71 646.73 2.79 

Salbutamol 

hydroxynaphthoate 

427.48 445.51 4.04 

Table 3.6 Water Content of Theoretical Monohydrates of Salbutamol Salts 

 

All of the samples except the sulphate contained much less water than their theoretical 

monohydrates. The salbutamol sulphate sample contained over 3 % water, significantly 

more than the base. Since salbutamol sulphate has been well studied and has not 
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previously been reported as a hydrated salt, it seemed likely that the sample was 

contained residual water from the crystallization process despite being stored at 40 

%RH. 

 

Attempts were made to remove the water from the sulphate sample by storing at 

elevated temperatures and under vacuum. However, even after 6 months of drying, the 

sulphate sample weight had not equilibrated so the sample was abandoned and as 

supplied salbutamol sulphate was used for formulation and AFM testing. The supplied 

salbutamol sulphate was also analysed for water content using the same method and was 

found to contain 0.89 (0.23) %w/w water, which was not significantly different to the 

water content of the base. 

 

The low water content (< 1 %) of all the samples suggests that all the salts were 

anhydrous, with the water present being primarily adsorbed on the surface of the 

particles (Buckton 1997). This low level of adsorbed water is expected under the storage 

conditions (Buckton 1997) used for the salts and is acceptable for the micronized 

material going into formulation. The precise amount of water adsorbed under fixed 

temperature and humidity conditions is likely to be determined by the specific surface 

area of the material and its hydrophobicity. 

 

3.3.5 Dynamic Vapour Sorption 

 

The moisture sorption profiles for the salbutamol salts (CM) are shown in figure 3.21 and 

the percentage change in weight at key points is summarised in table 3.7. 
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Figure 3.21 Summary of Dynamic Vapour Sorption Results Showing Weight Change versus Time For Salbutamol Salts 

(n = 1) 
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Sample Change in Weight (%) 

Upon drying Increasing RH 

from 0 – 100 % 

Decreasing RH 

from 100 – 0 % 

Base (CM) -0.07 +0.13 -0.10 

Acetate (CM) -0.23 +0.31 -0.31 

Propionate (CM) -0.06 +0.08 -0.09 

Tartrate (CM) -0.21 +0.32 -0.31 

Hydroxynaphthoate (CM) -0.07 +0.11 -0.10 

Sulphate (as supplied) -0.06 +0.19 -0.12 

Table 3.7 Summary of Weight Changes of Salbutamol Salts upon Exposure to Changes in 

Humidity 

 

All the weight changes measured were within the specification of the equipment. 

 

Only one dynamic vapour sorption analysis was carried out for salbutamol base and each 

of the salts. Whilst this does not allow for statistical analysis of the results, it was felt 

that there was little to be gained from repeating the tests, as the magnitude of the 

differences in the weight changes was small. 

 

Upon initial drying conditions of 0 %RH, the materials showed two distinct weight 

losses: base, propionate, hydroxynaphthoate, and sulphate lost about 0.07 % of their 

initial weight, whereas the acetate and tartrate lost over 0.20 % of their initial weight. 

 

Upon increasing the relative humidity to 100 %, a broad range of weight gains was seen 

from an increase of 0.03 % of initial weight by the propionate, to an increase of 0.14 % 

for the sulphate. The tartrate and the sulphate appeared to show a recrystallization event 

indicated by an initial weight gain followed by a weight loss as excess water was 

expelled from the newly recrystallized material (Buckton 1997). 
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Upon subsequent drying at 0 %RH, the expected weight loss is the same as the weight 

gain upon raising the relative humidity from 0 % to 100 %. The sulphate weight loss did 

not match its previous weight gain, indicating that the recrystallization event may have 

altered its specific surface area or some other factor affecting its water adsorption. 

Differences between the weight gain and weight loss cannot be considered as conclusive 

because no statistical analysis was available. Although the tartrate also underwent a 

recrystallization upon increasing the relative humidity to 100 %, its weight loss was as 

expected. The weight loss of the base was lower than expected, possibly because it had 

not quite reached equilibrium at the end of the second drying cycle. 

 

The recrystallization of the sulphate and tartrate salts indicates that those materials may 

not be physically stable in formulation unless some preformulation conditioning is 

undertaken. Any exposure to humidity or increased temperature may induce 

recrystallization in sulphate and tartrate that might lead to changes in formulation 

performance (Lane and Buckton 2000). The presence of amorphous material could also 

reduce chemical stability (Pikal, et al. 1978), another undesirable feature in a dry 

powder inhaler formulation. 

 

3.3.6 Estimation of Hydrophobicity 

 

To provide an estimation of the hydrophobicity of the samples, the initial weight loss 

measured in the dynamic vapour sorption (DVS) was divided by the total water content 

measured by Karl Fischer (KF) titration and expressed as a percentage in table 3.8. 
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Material KF Water Content (A) 

(%) 

DVS weight loss (B) 

(%) 

B/A 

(%) 

Base (CM) 0.54 0.07 12.96 

Acetate (CM) 0.63 0.23 36.51 

Propionate (CM) 0.50 0.06 12.00 

Tartrate (CM) 0.65 0.21 32.31 

Hydroxynaphthoate (CM) 0.42 0.07 16.67 

Sulphate (CM) 0.89 0.06 6.74 

Table 3.8 Ratio of Karl Fisher Water Content to Initial Dynamic Vapour Sorption Weight 

Loss 

 

A range of different values of the water content/water loss ratio was apparent. If these 

values correspond to an approximation of hydrophobicity, higher values show greater 

hydrophobicity. Higher values of hydrophobicity may be reflected in reduced inter-

particle forces. The chemical differences underlying these changes to the ratio may be 

apparent in the performance of the formulations. 

 

Relatively hydrophilic materials may also suffer from undesirable effects such as 

reduced chemical and physical stability (Ahlneck and Zografi 1990; Yoshioka and 

Carstensen 1990) in formulation. 

 

3.4 Summary 

 

Salbutamol base and its salts (CB) were successfully milled to a particle size range 

suitable for inhalation. Only the acetate had a significantly higher value of Young‟s 

modulus than the other materials (P < 0.01). No relationship could be established from 

this work between the value of Young‟s modulus and particle size reduction, although 

previous studies have indicated a relationship between mechanical properties and 

particle size reduction ratios upon milling (Taylor, et al. 2004a; Zugner, et al. 2006). 
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This effect may not have been observed in this study due to the relatively small particle 

size of the feed material. 

 

Further work is required to establish if the relationship between Young‟s modulus, input 

particle size, and milling conditions can be used to mill a given material to an inhaleable 

particle size distribution efficiently. 
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4 – Cohesive Adhesive Balance Analysis of Salbutamol 

Base and its Salts 

 

4.1 Introduction 

 

The surface interfacial properties of components of a DPI are critical in determining the 

fluidization and aerosolization behaviour of the drug product. However, there remains a 

paucity of investigations describing the relationship between the surface interfacial 

properties of different salt forms of an active ingredient to be delivered to the lung via a 

carried-based DPI and product performance. 

 

Of the surface analytical tools available to investigate surface interfacial properties of 

materials, the recently developed cohesive–adhesive balance (CAB) approach to colloid 

probe atomic force microscopy (AFM) may enable the direct determination of the 

interfacial force balance of different salt forms of an active ingredient with respect to 

excipient α-lactose monohydrate particles. This technique employs specially grown 

molecularly smooth crystals as substrates to ensure that the contact area between a given 

colloidal probe and various substrates is constant. A number of colloidal probes of each 

material under investigation are prepared and the adhesive force between each probe and 

a crystalline substrate of each material under investigation is measured in force-volume 

mode. This data is used to construct a CAB graph, by plotting the mean cohesive force 

of each probe (the adhesive force between a probe and a substrate of same material) 

against the mean adhesive force between that probe and a substrate of another material. 

When the data for a number of probes of the same material interacting with substrates of 

similar roughness are plotted on the same axes, a line with constant gradient is generated 

since the ratios of the cohesive and adhesive measurements (for each probe) remain 



Rapid Preformulation Screening of Drug Candidates for Dry Powder Inhaler Preparation 

 

 

 – 168 – 

Chapter 4 – Atomic Force Microscopy Analysis of Salbutamol Base and its Salts 

constant even though the magnitude of the forces vary as the contact radius of each 

probe varies. The ratio (known as the CAB ratio) can be measured from the gradient. 

 

The CAB approach provides a measurement of the ratio between the cohesion of a drug 

with itself and its adhesion to the carrier. A CAB ratio < 1 indicates that, all other 

variables being equal, the drug is more adhesive to the carrier than cohesive with itself, 

and so might be expected to form a stable, ordered mixture upon blending. A CAB ratio 

> 1, however, indicates that the drug is more cohesive with itself than adhesive to the 

carrier, suggesting that upon blending a less uniform mixture might be produced, 

containing agglomerates of drug. It was found that drug-carrier combinations with CAB 

ratios approaching 1 resulted in a higher fine particle fraction (FPF) upon aerosolization. 

For example, Jones, et al. (2008b) demonstrated a relationship between colloid probe 

pull-off force measurements via CAB and binary dry powder inhaler formulation 

performance suggesting that the optimum performance was achieved with a slightly 

cohesive system i.e. the CAB value is just above 1. The performance tended to increase 

as the CAB ratio increased towards 1 i.e. the drug-lactose interaction becomes weaker 

with respect to the drug-drug interaction, and plateaus for values higher than 1. The 

CAB technique has also been employed to study the dispersion mechanisms of ternary 

carrier-based DPI formulations containing different fine excipient particles. It was found 

that when the drug-fines CAB ratio was less than 1 (i.e. the drug was more adhesive to 

the fines than cohesive) there was an increase in fine drug particle delivery in 

comparison to a formulation with the same drug with no fines, which was thought to be 

brought about by the preferential formation of agglomerates of drug and fines particles. 

It is proposed that larger agglomerates may be subjected to greater deagglomeration 

forces during aerosolization than smaller agglomerates, thus producing an increase in 

formulation performance. The mechanism underlying the improved performance of 

ternary formulations where the drug was more cohesive than adhesive to the fines was 

unclear, but it is possible that this may be attributable to an increased number of 

particle–particle collisions during the aerosolization of these formulations. Hence, pre-

formulation screening of different salt forms of a drug during DPI development using 
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CAB may enable selection of API salt forms for inclusion in DPI formulations, which 

may result in enhanced delivery of the drug to the lung. 

 

In this chapter, CAB was employed to investigate the interfacial properties of different 

micronized salt forms of salbutamol with respect to α-lactose monohydrate. In addition, 

a further adhesive force measurement was performed between the micronized drug and 

Highly Oriented Pyrolytic Graphite (HOPG) (Agar Scientific Ltd, Essex, UK), which 

was used as a reference substrate for the CAB work. The HOPG should serve as a 

suitable reference surface for the measurements to allow for cross-referencing between 

different materials. HOPG provides a smooth surface, essential for reproducible 

measurements. When freshly cleaved, the surface is free from contaminants and the 

structure of HOPG is such that it acts as an inert substrate surface. 

 

4.2 Materials and Methods 

 

4.2.1 Statistical Analysis 

 

Statistical analysis was carried out as indicated in section 3.2.1. 

 

4.2.2 Quantification of Cohesive-Adhesive Balances 

 

4.2.2.1 Preparation of Substrates for Cohesive Adhesive Balance Analysis 

 

Crystalline substrates for colloidal probe AFM were prepared using controlled 

crystallisation methods to produce molecularly smooth crystals. The root mean square 

surface roughness of crystal substrates for CAB analysis should be less than 1 nm over 

the analysed area to minimise the influence of surface roughness on force measurements. 



Rapid Preformulation Screening of Drug Candidates for Dry Powder Inhaler Preparation 

 

 

 – 170 – 

Chapter 4 – Atomic Force Microscopy Analysis of Salbutamol Base and its Salts 

These engineered surfaces should ensure a highly reproducible contact area between the 

colloid probe and the substrates investigated. 

 

Crystals of the salbutamol salts (CS) were prepared using the method described in 

section 2.2.6.1 and the solvent/anti-solvent systems shown in table 2.7. Despite these 

crystals being grown under different conditions from the bulk crystallized material (CB) 

it was assumed that they had the same physical and chemical properties as those used in 

the formulation. Crystals of lactose were prepared by placing a drop of filtered, saturated 

lactose in water solution onto a glass coverslip and then covering with a second 

coverslip. The solvent was allowed to evaporate over several weeks under ambient 

conditions. In addition a fresh surface of HOPG was cleaved from the graphite block 

before image and force measurements. Prepared substrates were stored at 25 ˚C and 43 

% relative humidity. 

 

The surface topography of all the crystalline substrates and the HOPG was investigated 

with TappingMode™ AFM using a Multimode AFM, J-type scanner, Nanoscope IIIa 

controller (all from Digital Instruments, Cambridge, UK) and a silicon tip (model 

number OMCL-AC240TS-W2, Olympus Corp, Tokyo, Japan) to image regions of the 

crystal surfaces. The operation of the AFM in tapping mode is shown schematically in 

figure 4.1. 
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Figure 4.1 Atomic Force Microscope Tapping Mode Schematic 

 

In tapping mode, the cantilever is set oscillating at its resonant frequency and the 

amplitude (illustrated as DA in Figure 4.1) recorded at the resonant frequency is used as 

the pre-set point in the AFM feedback loop. As the probe encounters the substrate, this 

amplitude is reduced, in response; the AFM moves the substrate in order to maintain a 

constant set point in relation to the original amplitude. The recorded vertical 

displacement of the piezo-electric scanner provides a quantitative measurement of the 

surface height for the substrate at that point. The probe is continually scanned across the 

substrate in a raster pattern allowing a three dimensional image of the substrate surface 

to be reconstructed (Digital_Instruments 1998). 

 

For all substrates except the tartrate, three 5 x 5 m areas of the surface were imaged 

with a resolution of 512 x 512 pixels and a scan rate of 1 Hz. Only one sufficiently large 

area was found on the tartrate crystals. The roughness of each area was determined using 

the NanoScope II v5.30r1 software supplied with the equipment and both the mean 

roughness (Ra) and the root mean square (RMS) roughness (Rq) calculated. The value 

calculated for Rq corresponds to the variability of the surface profile from its theoretical 

centre line. The mean roughness was calculated using equation 4.1 (Podczeck 1998b): 
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Equation 4.1  
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The RMS roughness was calculated using equation 4.2 (Podczeck 1998b): 

 

Equation 4.2  
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Where yi is the distance between the surface and the centre line and n is the number of 

points measured on the surface as shown in figure 4.2. 

 

 

Figure 4.2 Calculation of Roughness Values 

 

The mean and standard deviation of the roughness measurements were calculated. For 

salbutamol tartrate, due to the difficulty of growing suitable crystals, only one small 

crystal of sufficient smoothness was found and only one image was taken. 

 

4.2.2.2 Preparation of Colloid Probes 

 

Micronized drug particles (CM) (< 5 m) were attached to tipless cantilevers. To prepare 

each probe, a single particle of the micronized material was fixed to the apex of a tipless 
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cantilever using Araldite epoxy resin (Bostik Findley Ltd, Stafford, UK). The procedure 

was carried out using a microscope (Carl Zeiss, Gottingen, Germany) fitted with a x16 

lens to assist in fine positioning in the x, y, and z-axes. 

 

The particles from which the probes were to be selected were scattered on a microscope 

coverslip (BDH, Poole, UK). A small quantity of epoxy resin was placed on a second 

coverslip. The cantilever was moved into contact with the resin and removed. The glue-

coated cantilever was then repeatedly pressed against a clean section of the powdered 

coverslip to remove excess resin. A particle on the coverslip that appeared not to be 

associated with any other particles was selected and the tip of the cantilever placed just 

beneath it. The cantilever was then brought directly up under the particle until the two 

touched. The cantilever was then examined microscopically to ensure that the particle 

was attached at the apex of the cantilever. After each probe had been used for CAB 

analysis and was no longer required, it was imaged using scanning electron microscopy 

(SEM). It was not possible to scrutinise the probes in sufficient detail prior to use, as 

SEM requires the probes to be coated with gold. 

 

Three probes of each salbutamol salt were prepared. The pull-off force between each 

probe and the dominant growth face of the respective drug crystal, the dominant growth 

face of an α-lactose monohydrate crystal, and a freshly cleaved surface of HOPG were 

measured. Prepared probes were stored at 25 ˚C and 43 % relative humidity. 

 

4.2.2.3 Force Measurements 

 

The force between each colloidal probe and the dominant face of a smooth crystal of 

each relevant material was measured in force-volume mode using a Multimode AFM, a 

J-type scanner, and a Nanoscope IIIa controller (all from Digital Instruments, 

Cambridge, UK). A detailed explanation of the procedure for measuring these forces 

follows. 
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The substrate (firmly secured to its metal stub) was placed onto the magnetic holder in 

the scanner. The cantilever chip (with probe attached) was inserted into the tip holder. 

The tip holder was inserted into the scanning head and clamped in place. The perfusion 

unit was attached and the AFM head allowed to equilibrate at 25  2 C and a relative 

humidity of 40  5 %. The area of interest on the substrate was located. The cantilever 

tip was moved to the area of interest. The cantilever tip was lowered until it was close to 

the substrate. The laser was moved to locate the spot on the cantilever tip. The mirror 

was adjusted to maximise the signal indicated on the signal sum display. Fine 

adjustments were made to the laser position on the cantilever tip. The lateral and vertical 

voltage readings were zeroed to move the laser to the centre of the four-quadrant 

detector. 

 

The scan size was set to 0 um. The setpoint was set to 0.00 V. The output signal on the 

AFM head was set to –2.5 V. The probe was engaged until the probe jumped into 

contact with the substrate. Upon contact, “Force plot” mode was selected. The setpoint 

was reduced to reduce the tracking force between the probe and the substrate. The 

detector sensitivity was determined by measuring the gradient of the force plot in the 

zone of constant compliance. The input attenuation on the photodiode was set to 8. The 

trigger was set to relative. The trigger threshold was set to 20 nm, which corresponds to 

the press-on distance of the probe in the approach cycle and is the point at which 

retraction begins. 

 

Upon setting these conditions, “Force Volume” mode was selected, the measurement 

was started and the output data recorded. Each force volume data set collected 1024 

individual force curves over a 2 x 2 μm area of the crystal substrate with a scan rate of 

4.07 Hz. The compressive loading was dependent on the spring constant of each 

cantilever employed in the study, however, previous work in this laboratory has 

demonstrated that variation of the z-scan rate (0.1 – 10 Hz) and compressive loading 

(~0.5 – 58 nN) did not affect cohesive and adhesive force measurements. Care was taken 
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to ensure that these measurements were made in approximately the same area of each 

crystal. 

 

The cantilevers initially used for the CAB analysis had a relatively low spring constant 

(0.58 Nm
-1

). The low stiffness of these cantilevers typically led to the full-scale 

deflection of the signal from the laser on the photodetector. These effects were found to 

lead to errors in the force measurement analysis caused by the need to curve-fit the 

deflection data. The cantilevers were replaced with a stiffer model: FORT-TL tipless 

cantilevers (AppNano, California, USA) with a spring constant of 3.0 Nm
-1

. With a 

higher spring constant, the tip deflection for a given force is reduced and full-scale 

deflection can be avoided, removing the need to approximate the pull-off force. Figures 

4.3 and 4.4 show typical tip deflection versus cumulative z-step for the two cantilevers. 

 

 

Figure 4.3 Typical Tip Deflection versus Cumulative z-step Atomic Force Microscopy Scan 

for a 0.58 Nm
-1

 Spring Constant Cantilever 
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Figure 4.4 Typical Tip Deflection versus Cumulative z-step Atomic Force Microscopy Scan 

for a 3.0 Nm
-1

 Spring Constant Cantilever 

 

4.2.2.4 Cohesive Adhesive Balance Data Treatment 

 

The force volume data set was manipulated as indicated in the flow diagram shown in 

figure 4.5. The annotations A – G of the various processes are explained in more detail 

in the text. 

 

A – The output voltage from the AFM corresponds to the deflection of the laser on the 

four-quadrant detector. It was converted into a distance using equation 4.4 

(Digital_Instruments 1998): 

 

Equation 4.3   

 

where (A-B)voltage is the output from the AFM, instrument sensitivity is the calibrated 

input sensitivity of the AFM four-quadrant detector, attenuation is set by the operator,  
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Figure 4.5 Flow Chart for Cohesive Adhesive Balance Data Treatment 

(see text for explanation of annotations A – K) 



Rapid Preformulation Screening of Drug Candidates for Dry Powder Inhaler Preparation 

 

 

 – 178 – 

Chapter 4 – Atomic Force Microscopy Analysis of Salbutamol Base and its Salts 

detector sensitivity is the slope of the deflection versus z voltage line when the probe is 

in the zone of constant compliance. 

 

B – The distance is converted to a force using Hooke‟s law (equation 4.3). For CAB 

measurements, the spring constant of each cantilever does not need to be known 

accurately, because when the CAB value is calculated, it is determined by the force of 

cohesion divided by the force of adhesion. For each point plotted the spring constant 

cancels out, i.e. the CAB ratio is effectively the ratio of the deflection distances 

measured for a given probe. For the calculation of pull-off forces, a nominal value of 3.0 

Nm
-1

 was used.  

 

C – The z-step size is calculated using equation 4.5: 

 

Equation 4.4   

 

where the scan size and the number of steps per scan are set by the operator. 

 

D – The turning point of the retraction curve (corresponding to probe detachment from 

the substrate) is determined by calculating the slope of the curve along its length. Where 

the slope changes from negative to positive corresponds to the turning point and to the 

pull-off force of the probe from the substrate. Typical force versus displacement curves 

for CAB analysis are shown in the results section in figures 4.17 – 4.19. 

 

E – Each of the 1024 force measurements is recorded and a force distribution histogram 

plotted. The only outlying data points removed from the distribution were occasional 

force measurements of zero, indicating that no contact had taken place between probe 

and substrate. The force distributions were tested for normality using the Kolmogorov-

Smirnov goodness of fit test (Massey 1951) using Sigmaplot 9.0 software (Systat 
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Software Inc, California, USA) with a probability that the distributions were not normal 

of  less than 5 % (P < 0.05). 

 

Typical force distribution histograms are shown in the results section in figures 4.20 – 

4.22. 

 

F – The mean force was calculated according to equation 4.6: 

 

Equation 4.5  



n

i

ix
n

x
1

1
 

 

where x  is the mean, n is the number of measurements, and xi is the individual force 

measurement. The standard deviation (SD) was calculated according to equation 4.7: 

 

Equation 4.6   






n

i

ixx
n

SD
1

2

1

1
 

 

where n is the number of measurements, xi is the individual force measurement, and x  

is the mean. 

 

G – Because the substrate is highly smooth, the contact area of the colloid probe on the 

substrate, and thus the force between them is expected to be highly reproducible. This 

should give rise to a normal distribution of measured forces. Therefore, if the 

distribution is not normal, the experiment is repeated. 
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4.3 Results and Discussion 

 

4.3.1 Cohesive Adhesive Balance Measurements of Salbutamol Salts 

 

4.3.1.1 Substrate Crystallisation 

 

The crystallisation techniques described in section 2.2.6.1 and 4.2.2.1 resulted in the 

growth of a number of separate crystals over the surface of the glass cover slips. These 

were examined by TappingMode™ AFM in order to identify a crystal with a surface 

roughness on the dominant face of <1 nm mean roughness (Ra) and root mean square 

roughness (Rq). The average Ra and average Rq measurements of the dominant crystal 

growth faces of lactose, salbutamol base, the salts of salbutamol, and HOPG are shown 

in table 4.1: 

 

Substrate Ra (nm) Rq (nm) 

Lactose 0.65 (0.30) 0.85 (0.38) 

Salbutamol Base (CS) 0.33 (0.02) 0.56 (0.22) 

Salbutamol Sulphate (CS) 0.42 (0.17) 0.57 (0.21) 

Salbutamol Acetate (CS) 0.49 (0.04) 0.87 (0.11) 

Salbutamol Propionate (CS) 0.35 (0.05) 0.82 (0.10) 

Salbutamol Tartrate (CS) 0.32 0.59 

Salbutamol Hydroxynaphthoate (CS) 0.43 (0.15) 0.80 (0.38) 

HOPG 0.60 (0.24) 0.74 (0.20) 

Table 4.1 Roughness Measurements of the Dominant Growth Faces of Crystal Substrates 

(Standard Deviations Shown in Brackets, n = 3, Except  

Salbutamol Tartrate Where n = 1) 
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Representative AFM images of the surface topographies of the dominant faces are 

shown in figures 4.6 – 4.13. 

 

 

 

Figure 4.6 Atomic Force Microscopy Images of the {100} Face of an Alpha-lactose 

Monohydrate Crystal (5 x 5m) 

(The z-scale in the 3D Image is 40 nm per Division) 

 

The lactose surface was characterized by a regular profile of peaks and troughs in the 

surface on a small scale. 
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Figure 4.7 Atomic Force Microscopy Images of the {200} Face of a Salbutamol Base Crystal (5 

x 5m) 

(The z-scale in the 3D Image is 40 nm per Division) 

 

The base (CS) surface was extremely smooth, with almost no features. 

 

 

Figure 4.8 Atomic Force Microscopy Images of the {200} Face of a Salbutamol Sulphate 

Crystal (5 x 5m) 

(The z-scale in the 3D Image is 40 nm per Division) 

 

The sulphate (CS) surface was characterized by a regular profile of peaks and troughs in 

the surface on a small scale. The peaks and troughs seemed to be arranged in regular 

lines. 
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Figure 4.9 Atomic Force Microscopy Images of the {010} Face of a Salbutamol Acetate 

Crystal (5 x 5m) 

(The z-scale in the 3D Image is 40 nm per Division) 

 

The acetate (CS) surface was characterized by a regular profile of peaks and troughs in 

the surface on a small scale. 

 

 

Figure 4.10 Atomic Force Microscopy Images of the {002} Face of a Salbutamol Propionate Crystal 

(5 x 5m) 

(The z-scale in the 3D Image is 40 nm per Division) 

 

The propionate (CS) surface was mostly extremely smooth, but had several protrusions. 

These protrusions may have been caused either by a tip-imaging artefact or by 

incomplete removal of the solvent during drying, leading to additional growth. 
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Figure 4.11 Atomic Force Microscopy Images of the {002} Face of a Salbutamol Tartrate 

Crystal (5 x 5m) 

(The z-scale in the 3D Image is 40 nm per Division) 

The tartrate (CS) surface was characterized by approximately concentric rings with a 

stepped profile that may indicate consecutive layers of molecules attaching to the 

growing crystal surface during spiral dislocation crystal growth. 

 

 

Figure 4.12 Atomic Force Microscopy Images of the {100} Face of a Salbutamol 

Hydroxynaphthoate Crystal (5 x 5m) 

(The z-scale in the 3D Image is 40 nm per Division) 

 

The hydroxynaphthoate (CS) surface was characterized by a regular profile of peaks and 

troughs in the surface on a small scale. 
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Figure 4.13 Atomic Force Microscopy Images of the Surface of Highly Oriented Pyrolytic 

Graphite (5 x 5m) 

(The z-scale in the 3D Image is 40 nm per Division) 

The HOPG surface was extremely flat with a few rough patches. Occasional steps in the 

section may correspond to incomplete cleaving of the surface. The rough patches may be 

caused by small graphite particle breaking off during the cleaving process. 

 

The surface morphologies and low roughness of these substrates made them highly 

suitable for AFM-based force measurements in CAB analysis. All of the surfaces used in 

the CAB study had Rq and Ra values below 1 nm. 

 

4.3.1.2 Colloid Probe Preparation 

 

All the colloid probes used for Cohesive-Adhesive Balance analysis were found to be 

suitable for the analysis by screening their electron micrographs. Scanning electron 

microscope evaluation of the colloid probes confirmed that a single particle was attached 

to the end of each cantilever. Example, representative electron micrographs of the 

cantilever and colloid probes used in the CAB analysis are shown in figures 4.14 – 4.16. 
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Figure 4.14 Scanning Electron Micrograph (x 400 Magnification) of a FORT-TL Tipless 

Atomic Force Microscopy Cantilever 

 

 

Figure 4.15 Scanning Electron Micrograph (x 5000 Magnification) of a Salbutamol Sulphate 

Particle (CM) Mounted on a FORT-TL Tipless Atomic Force Microscopy Cantilever 
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Figure 4.16 Scanning Electron Micrograph (x 20000 Magnification) of a Salbutamol Acetate 

(CM) Particle Mounted on a FORT-TL Tipless Atomic Force Microscopy Cantilever 

 

4.3.1.3 Force Measurements 

 

The adhesive or cohesive force measurements between each colloidal probe and the 

dominant face of the crystalline substrate of each relevant material were successfully 

measured. Typical force curves generated using the higher spring constant cantilevers 

used for the final CAB analyses are shown in figures 4.17 – 4.19. There was no evidence 

of force-curve saturation upon interaction of colloidal probe with any of the substrates 

employed in this study. 
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Figure 4.17 Typical Force Versus Displacement Curve Produced with a FORT-TL Cantilever 

(Salbutamol Acetate (CM) Probe on a Salbutamol Acetate (CS) Substrate) 

 

 

Figure 4.18 Typical Force Versus Displacement Curve Produced with a FORT-TL Cantilever 

(Salbutamol Propionate (CM) Probe on a Lactose Substrate) 
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Figure 4.19 Typical Force Versus Displacement Curve Produced with a FORT-TL Cantilever 

(Salbutamol Hydroxynaphthoate (CM) Probe on a Highly Oriented Pyrolytic Graphite Substrate) 

 

With the use of substrates with surface roughness less than 1 nm, the distributions of 

adhesive forces obtained from each of the 1024 force curves acquired for each 

measurement followed a normal distribution (representative histograms showing the 

range of force values measured during CAB analyses are shown in figures 4.20 – 4.22), 

and were therefore summarised by their mean and standard deviation. 
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Figure 4.20 Typical Distribution of Forces Measured During Cohesive-Adhesive Balance 

Analysis (Salbutamol Sulphate (CM) Probe on a Salbutamol Sulphate (CS) Substrate) 

 

 

Figure 4.21 Typical Distribution of Forces Measured During Cohesive-Adhesive Balance 

Analysis (Salbutamol Sulphate (CM) Probe on a Lactose Substrate) 
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Figure 4.22 Typical Distribution of Forces Measured During Cohesive-Adhesive Balance 

Analysis (Salbutamol Sulphate (CM) Probe on a Highly Oriented Pyrolytic Graphite Substrate) 

 

4.3.2 Cohesive-Adhesive Balance Analysis 

 

In accordance with the CAB procedure, the mean cohesive force for each colloidal probe 

was plotted against its mean adhesive force to each substrate to produce a CAB graph. 

For each salt of salbutamol, the results are shown as CAB graphs, plotting the cohesion 

of the drug-drug interaction against the adhesion of the drug-lactose interaction (figures 

4.23 – 4.28). The slope of the linear regression and its correlation coefficient (R
2
) is also 

shown, which indicate a high degree of linearity (R
2
 > 0.9), confirming that the contact 

area between colloidal probes and substrate remained constant for both adhesive and 

cohesive measurements. A line showing equality of cohesion and adhesion was also 

plotted for reference. The plot of drug adhesion to HOPG versus drug adhesion to 

lactose is also shown on the CAB graph. The quantitative force measurements for the 

colloid probes are tabulated respectively under each graph. The gradient of each line of 

best fit was taken as the CAB ratio, which describes the cohesion of the drug probe in 
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relation to its adhesion to lactose monohydrate (CAB ratios are summarized in table 

4.8). As discussed previously, a CAB ratio < 1 describes a situation where the adhesion 

between the two materials is greater than the cohesion of the drug probe. The closer a 

CAB ratio is to zero, the greater the adhesion is compared to the cohesion. Conversely, a 

CAB ratio > 1 describes a system where the cohesion of drug probe is greater than its 

adhesion to the other material in question. As the relative magnitude of this cohesion 

increases, so does the CAB ratio. 

 

4.3.2.1 Salbutamol Base 

 

The CAB analyses of salbutamol base are shown in figure 4.23 and tabulated in table 

4.2. 

 

 

Figure 4.23 Cohesive Adhesive Balance Graph for Salbutamol Base 

(Error Bars Indicate Standard Deviation, n = 3) 
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Probe Cohesion 

(nN) 

Adhesion to 

Lactose (nN) 

Adhesion to 

HOPG (nN) 

1 343.92 (13.48) 391.21 (6.29) 362.74 (4.59) 

2 150.28 (3.81) 167.85 (4.44) 162.88 (8.40) 

3 249.59 (6.6) 318.36 (6.72) 293.91 (8.40) 

Table 4.2 Cohesion and Adhesion Force Measurements for Salbutamol Base Probes 

(Standard Deviations Shown in Brackets, n = 3) 

 

The gradient of the CAB graph for salbutamol base–lactose system was 0.85, the 

reciprocal of this CAB ratio indicated that the adhesive base-lactose interactions were 

1.18 times stronger than the cohesive base-base interactions. The gradient of the graph 

for the salbutamol base-lactose-HOPG system was 0.93, indicating that the base-lactose 

interactions were 1.08 times stronger than the base-HOPG interactions. 

 

4.3.2.2 Salbutamol Sulphate 

 

The CAB analyses of salbutamol sulphate are shown in figure 4.24 and tabulated in table 

4.3. 

 



Rapid Preformulation Screening of Drug Candidates for Dry Powder Inhaler Preparation 

 

 

 – 194 – 

Chapter 4 – Atomic Force Microscopy Analysis of Salbutamol Base and its Salts 

 

Figure 4.24 Cohesive Adhesive Balance Graph for Salbutamol Sulphate 

(Error Bars Indicate Standard Deviation, n = 3) 

 

Probe Cohesion 

(nN) 

Adhesion to 

Lactose (nN) 

Adhesion to 

HOPG (nN) 

1 26.89 (.95) 30.28 (1.14) 25.23 (1.25) 

2 23.47 (1.31) 25.11 (1.95) 21.87 (0.78) 

3 160.56 (12.35) 201.13 (6.30) 165.47 (5.89) 

Table 4.3 Cohesion and Adhesion Force Measurements for Salbutamol Sulphate Probes 

(Standard Deviations Shown in Brackets, n = 3) 

 

The gradient of the CAB graph for salbutamol sulphate–lactose system was 0.80, 

indicating that the adhesive sulphate-lactose interactions were 1.25 times stronger than 

the cohesive sulphate-sulphate interactions. The gradient of the graph for the salbutamol 

sulphate-lactose-HOPG system was 0.82, indicating that the sulphate-lactose 

interactions were 1.22 times stronger than the sulphate-HOPG interactions. 
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4.3.2.3 Salbutamol Acetate 

 

The CAB analyses of salbutamol acetate are shown in figure 4.25 and tabulated in table 

4.4. 

 

 

Figure 4.25 Cohesive Adhesive Balance Graph for Salbutamol Acetate 

(Error Bars Indicate Standard Deviation, n = 3) 

 

Probe Cohesion 

(nN) 

Adhesion to 

Lactose (nN) 

Adhesion to 

HOPG (nN) 

1 222.71 (11.67) 241.11 (4.09) 367.93 (3.28) 

2 160.87 (13.23) 177.87 (4.74) 277.40 (5.64) 

3 215.17 (13.75) 230.86 (7.44) 349.60 (8.57) 

Table 4.4 Cohesion and Adhesion Force Measurements for Salbutamol Acetate Probes 

(Standard Deviations Shown in Brackets, n = 3) 
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The gradient of the CAB graph for salbutamol acetate–lactose system was 0.92, 

indicating that the adhesive acetate-lactose interactions were 1.09 times stronger than the 

cohesive acetate-acetate interactions. The gradient of the graph for the salbutamol 

acetate-lactose-HOPG system was 1.53, indicating that the acetate-lactose interactions 

were 0.65 times weaker than the acetate-HOPG interactions. 

 

4.3.2.4 Salbutamol Propionate 

 

The CAB analyses of salbutamol propionate are shown in figure 4.26 and tabulated in 

table 4.5. 

 

 

Figure 4.26 Cohesive Adhesive Balance Graph for Salbutamol Propionate 

(Error Bars Indicate Standard Deviation, n = 3) 
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Probe Cohesion 

(nN) 

Adhesion to 

Lactose (nN) 

Adhesion to 

HOPG (nN) 

1 540.46 (10.14) 795.36 (12.62) 614.84 (9.73) 

2 139.66 (5.95) 222.66 (2.65) 185.41 (6.77) 

3 311.79 (8.11) 477.89 (4.39) 375.58 (6.41) 

Table 4.5 Cohesion and Adhesion Force Measurements for Salbutamol Propionate Probes 

(Standard Deviations Shown in Brackets, n = 3) 

 

The gradient of the CAB graph for salbutamol propionate–lactose system was 0.67, 

indicating that the adhesive propionate-lactose interactions were 1.49 times stronger than 

the cohesive propionate-propionate interactions. The gradient of the graph for the 

salbutamol propionate-lactose-HOPG system was 0.78, indicating that the propionate-

lactose interactions were 1.28 times stronger than the propionate-HOPG interactions. 

 

4.3.2.5 Salbutamol Tartrate 

 

The CAB analyses of salbutamol tartrate are shown in figure 4.27 and tabulated in table 

4.6. 
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Figure 4.27 Cohesive Adhesive Balance Graph for Salbutamol Tartrate 

(Error Bars Indicate Standard Deviation, n = 3) 

 

Probe Cohesion 

(nN) 

Adhesion to 

Lactose (nN) 

Adhesion to 

HOPG (nN) 

1 91.24 (9.52) 171.17 (4.80) 117.12 (5.00) 

2 81.42 (7.24) 147.44 (2.96) 112.07 (6.24) 

3 251.15 (7.38) 455.29 (9.23) 290.92 (9.10) 

Table 4.6 Cohesion and Adhesion Force Measurements for Salbutamol Tartrate Probes 

(Standard Deviations Shown in Brackets, n = 3) 

 

The gradient of the CAB graph for salbutamol tartrate–lactose system was 0.55, 

indicating that the adhesive tartrate-lactose interactions were 1.82 times stronger than 

the cohesive tartrate-tartrate interactions. The gradient of the graph for the salbutamol 

tartrate-lactose-HOPG system was 0.65, indicating that the tartrate-lactose interactions 

were 1.54 times stronger than the tartrate-HOPG interactions. 
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4.3.2.6 Salbutamol Hydroxynaphthoate 

 

The CAB analyses of salbutamol hydroxynaphthoate are shown in figure 4.28 and 

tabulated in table 4.7. 

 

 

Figure 4.28 Cohesive Adhesive Balance Graph for Salbutamol Hydroxynaphthoate 

(Error Bars Indicate Standard Deviation, n = 3) 

 

Probe Cohesion 

(nN) 

Adhesion to 

Lactose (nN) 

Adhesion to 

HOPG (nN) 

1 159.81 (6.73) 454.64 (2.64) 298.82 (8.16) 

2 117.84 (9.94) 355.85 (7.89) 248.52 (9.94) 

3 69.42 (7.31) 194.09 (7.08) 133.19 (9.43) 

Table 4.7 Cohesion and Adhesion Force Measurements for Salbutamol Hydroxynaphthoate 

Probes 

(Standard Deviations Shown in Brackets, n = 3) 
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The gradient of the CAB graph for salbutamol hydroxynaphthoate–lactose system was 

0.35, indicating that the adhesive hydroxynaphthoate-lactose interactions were 2.86 

times stronger than the cohesive hydroxynaphthoate-hydroxynaphthoate interactions. 

The gradient of the graph for the salbutamol hydroxynaphthoate-lactose-HOPG system 

was 0.67, indicating that the hydroxynaphthoate-lactose interactions were 1.49 times 

stronger than the hydroxynaphthoate-HOPG interactions. 

 

4.3.2.7 Summary of Cohesive-Adhesive Balance Ratios 

 

The CAB ratios of the different salts of salbutamol with respect to lactose monohydrate 

shown in table 4.8 suggest the each salt presents different adhesive tendencies to the 

carrier material. This is similarly suggested when the adhesion of the salt forms to 

HOPG and lactose are analyzed. It is evident that with the exception of acetate all salts 

generally have an adhesive tendency to lactose. 

 

Material CAB Ratio Adhesion to HOPG/Adhesion to Lactose 

Base 0.85 (0.06) 0.93 (0.02) 

Sulphate 0.80 (0.01) 0.82 (0.01) 

Acetate 0.92 (0.01) 1.53 (0.02) 

Propionate 0.67 (0.01) 0.78 (0.01) 

Tartrate 0.55 (0.01) 0.65 (0.03) 

Hydroxynaphthoate 0.35 (0.01) 0.67 (0.02) 

Table 4.8 Summary of Cohesive Adhesive Balance Ratios for Salbutamol Salts 

(Standard Deviations Shown in Brackets, n = 3) 

 

To determine a rank order in the CAB values and compare to the gradients for the drug-

HOPG-lactose systems, analysis of variance was carried out on the results according to 

the method described in section 3.2.1. All of the drug salts and the base were compared 

to each other. The statistical comparisons are shown in tables 4.9 and 4.10. 
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Material Statistical Difference 

Sulphate None  -    

Acetate None None -   

Propionate Lower 

(P < 0.01) 

None Lower 

(P < 0.01) 

-  

Tartrate Lower 

(P < 0.01) 

Lower 

(P < 0.01) 

Lower 

(P < 0.01) 

None - 

Hydroxynaphthoate Lower 

(P < 0.01) 

Lower 

(P < 0.01) 

Lower 

(P < 0.01) 

Lower 

(P < 0.01) 

Lower 

(P < 0.01) 

 Base Sulphate Acetate Propionate Tartrate 

Table 4.9 Statistical Analysis of Cohesive Adhesive Balance Ratios 

Data in rows is compared to that in columns 

(n=3) 

 

The rank order of CAB ratios was not simple to determine as statistically sulphate was 

the same as base, acetate, and propionate but propionate was lower than base and 

acetate. The order approximates to: 

 

Acetate/Base/Sulphate > Propionate/Tartrate > Hydroxynaphthoate 
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Material Statistical Difference 

Sulphate Lower 

(P < 0.05) 

-    

Acetate Higher 

(P < 0.01) 

Higher 

(P < 0.01) 

-   

Propionate Lower 

(P < 0.01) 

None Lower 

(P < 0.01) 

-  

Tartrate Lower 

(P < 0.01) 

Lower 

(P < 0.01) 

Lower 

(P < 0.01) 

Lower 

(P < 0.05) 

- 

Hydroxynaphthoate Lower 

(P < 0.01) 

Lower 

(P < 0.01) 

Lower 

(P < 0.01) 

Lower 

(P < 0.05) 

None 

 Base Sulphate Acetate Propionate Tartrate 

Table 4.10 Statistical Analysis of Adhesion to Highly Oriented Pyrolytic Graphite versus 

Lactose Balance Ratios 

Data in rows is compared to that in columns 

(n=3) 

 

The rank order of the adhesion to HOPG versus lactose balance was: 

 

Acetate > Base > Sulphate/Propionate > Tartrate/Hydroxynaphthoate 

 

4.3.3 Discussion 

 

The drug-lactose CAB values for all the salts of salbutamol are adhesive. For drug 

adhesion to HOPG versus drug adhesion to lactose, all the salts except acetate were 

more adhesive to lactose. These ratios are shown in table 4.8. 

 

The rank order of the CAB values was: 
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Acetate/Base/Sulphate > Propionate/Tartrate > Hydroxynaphthoate 

 

In terms of the relative strength of the interactions, the base-lactose forces were 1.18 

times greater than the base-base forces. Because the force between drug and lactose was 

higher than the drug-drug force, it was expected that salbutamol base would produce a 

uniformly distributed, interactive mixture when blended with lactose. All of the salts 

also had CAB values below 1 and would be expected to blend well with lactose. 

 

The hydroxynaphthoate-lactose forces were 2.86 times greater than the 

hydroxynaphthoate-hydroxynaphthoate forces. Because the force between the drug 

particle and lactose was much greater than the drug-drug force, although the 

hydroxynaphthoate should blend well with lactose, the drug particles may be difficult to 

remove from the carrier lactose resulting in poor formulation performance. Conversely, 

the acetate-lactose forces were only 1.09 times stronger than the acetate-acetate forces 

and salbutamol acetate should be much more easily removed from lactose carrier 

particles than the hydroxynaphthoate. The performance of an acetate-lactose formulation 

is expected to be better than that of a similar hydroxynaphthoate formulation. 

 

The salbutamol base, sulphate, and acetate all have CAB values relatively close to 1 and 

are expected to perform better in DPI formulation than salbutamol propionate, tartrate, 

and hydroxynaphthoate, which all have relatively low CAB values. 

 

One concern regarding cross-referencing CAB measurements for the different salts is 

that because the CAB value is a ratio, the absolute values of the drug-drug and drug-

lactose measurements are not reflected in the CAB value. The force values plotted on the 

CAB graphs are dependent on the strength of interaction and on the contact area 

between the probe and substrate and so cannot be used to determine the relative strength 

of the interactions. If the dominant factor in aerosolization performance is the relative 

strength of the drug-lactose interaction, then use of an inert reference surface allows for 

the assessment of the relative drug-lactose affinities. 
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To allow for cross-referencing, additional measurements of the micronized drug probes 

to a freshly cleaved surface of HOPG were made. The rank order of the drug-lactose 

adhesion with respect to drug-HOPG adhesion was: 

 

Acetate > Base > Sulphate/Propionate > Tartrate/Hydroxynaphthoate 

 

The rank order for the CAB values was very similar to that of the adhesion to HOPG 

versus lactose balance. 

 

These HOPG measurements were made to determine the relative affinity of the 

salbutamol salts to a lactose surface with respect to an inert reference surface and not to 

determine performance of the final formulations. While the drug-HOPG versus drug-

lactose may not show a direct relationship to the performance of a drug/lactose 

formulation because of the influence of drug-drug interactions, it may provide a novel 

way of comparing different salt forms or polymorphs of an active pharmaceutical 

ingredient with respect to an excipient. 

 

Previous work by Hooton, et al. (2006) showed a correlation between the changes in 

measured CAB values and formulation performance when DPI formulations were 

prepared and tested using different carrier excipients. Similarly Jones, et al. (2008b) 

demonstrated a relationship between measured CAB values and the performance of 

binary DPI formulations containing different active pharmaceutical ingredients. These 

previous studies indicate that the differences in CAB values seen here for the different 

salbutamol salts may be reflected in their formulated performance. 

 

4.4 Summary 

 

The CAB ratios of the different salt forms with respect to α-lactose monohydrate and 

HOPG were quantified in this study. Smooth crystals suitable for use in CAB analysis 
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were successfully prepared. It was assumed that the substrate crystals (CS) had the same 

properties as the bulk recrystallized materials (CB) that were used to prepare the 

formulations although they were prepared under different conditions. In addition, 

suitable colloid probes were prepared for CAB analysis. The CAB method was modified 

from previous work to use stiffer cantilevers to prevent the saturation of the deflection 

measurements. The drug-lactose CAB values for all the salts of salbutamol suggested an 

adhesive tendency to lactose of varying magnitudes. The rank order of the different salts 

was also reproduced on evaluation of drug adhesion to HOPG versus drug adhesion to 

lactose. These data suggest that CAB analysis may provide a novel means of comparing 

different salt forms or polymorphs of an active pharmaceutical ingredient with respect to 

an excipient. 
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5 – Dry Powder Inhaler Formulation and Assessment 

 

5.1 Introduction 

 

To deposit the inhaled particles successfully in the airways of lung, the deposition 

mechanisms discussed in chapter 1 must be considered. These various modes of 

deposition result in the requirement for the processing of drug particles with a mass 

median aerodynamic diameter (MMAD) below 6 m for drug delivery to the conducting 

airways, and below 2 m for systemic drug delivery. However, particles in these size 

ranges are typically highly cohesive and exhibit poor flow, making them difficult to 

meter and entrain appropriately. Furthermore, the small quantities used for unit dosing 

(typically between 10 and 400 µg) also make reproducible dosing difficult. Both of these 

issues are often addressed by the addition of coarse excipient particles that serve as both 

a diluent and a flow aid of the cohesive drug (Podczeck 1998b). To date, lactose is 

almost exclusively used for this purpose (Steckel and Bolzen 2004) with some use of 

glucose (Steckel 2003). 

 

To improve the performance characteristics of carrier-based dry powder inhaler (DPI) 

formulations further, fine excipient particles are usually added to the blend. Again, 

lactose is the excipient of choice, though other materials have been studied (Jones and 

Price 2006). 

 

Addition of excipients to the drug to improve formulation handling and performance 

may effectively complicate the systems. Three different formulation types were 

examined in this study. The simplest consisted of micronized drug only and thus the 

only interactions in these formulations were drug - drug and drug – device. A second 

type of formulation contained the drug particles blended with a larger carrier lactose and 
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were termed binary formulations. The third type of formulation contained drug, carrier 

lactose, and fine lactose and were termed ternary formulations. 

 

The parameters discussed and investigated in chapters 2, 3, and 4 which affect the inter-

particle forces affect the behaviour of a formulation in an inhaler device when it is 

aerosolized. 

 

In order to establish a relationship between the physicochemical characteristics of an 

active pharmaceutical ingredient and its performance in a formulation, the performance 

must be quantified. Impactor testing is the standard technique employed for the 

assessment of dry powder inhaler formulation performance. 

 

The addition of carrier lactose improves metering of the drug and addition of fine lactose 

improves performance of DPI formulations. 

 

5.1.1 Carrier Particles 

 

Coarse carrier particles have been extensively investigated in order to determine 

optimum size ranges, the effects of particle shape upon performance, and the nature of 

the interactions between the drug particles and the excipient. 

 

The results of these investigations have not been conclusive. It has been shown that the 

enhanced flow and aerosolization properties exhibited by lactose are maximised in the 

size range 63 – 90 m (Bell, et al. 1971) whereas other studies have demonstrated that 

smaller carrier particles improve the respirable fraction of the drug (Kassem, et al. 

1989). The apparent contradictions in results may be due to many factors as different 

devices, drugs and lactose sources have been used in various studies. 
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The effects of carrier morphology have been investigated by Zeng, et al. (2000b; 2000a), 

who concluded that elongation of the lactose shape enhanced performance. Several 

studies into the effects of the roughness of carrier particles have demonstrated that 

reducing the surface roughness of the carrier can improve the final performance 

(Kawashima, et al. 1998; Larhrib, et al. 1999; Zeng, et al. 2000b, a, 2001b). 

 

5.1.2 Fine Particles 

 

It has been found in many studies that the addition of fine excipient particles to carrier-

based DPI formulations improves the respirable fraction of drug when up to 15 % by 

weight is added to the formulation (Ganderton  1992; Srichana, et al. 1998; Zeng, et al. 

2000c). The fines are typically below 10 m in size but enhancement has been seen with 

fine particles of up to 15 m (Zeng, et al. 1999; Zeng, et al. 2000c). An alternative 

possibility is that the fines and drug particles form loose agglomerates that are more 

easily aerosolized than individual particles but are still easily de-agglomerated in the 

airflow (Lucas, et al. 1998; Zeng, et al. 1998; Louey and Stewart 2002). 

 

5.1.3 Other Excipients 

 

Other components have been added to DPI formulations for the purposes of improving 

performance e.g. use of magnesium stearate or l-leucine as lubricating agents (Zeng, et 

al. 1998; Young, et al. 2002). These excipients are thought to work by reducing the 

inter-particle forces and thus aid the separation of drug from carrier. 

 

No excipients other than lactose were used in this study, as addition of these extra 

components would greatly increase the number of permutations, without increasing the 

understanding of the underlying relationships. 
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5.1.4 Aims 

 

The aim of this chapter was to determine the aerosolization performance of salbutamol 

base and its various salt forms. The materials were formulated as binary and ternary 

carrier-based formulations in order to determine the in-vitro inhalation performance. 

Furthermore, the in vitro inhalation performance of salbutamol base and its different salt 

forms was determined upon aerosolization of drug-only preparations. By testing these 

formulations, it may be possible to relate some physicochemical descriptor of the 

materials to their aerosolization performance, which may then enable the determination 

of selection criteria of a salt form of an active ingredient for inclusion in DPI drug 

products. 

 

5.2 Materials and Methods 

 

5.2.1 Statistical Analysis 

 

Statistical analysis was carried out as indicated in section 3.2.1. 

 

5.2.2 Preparation of Formulations 

 

Three types of formulation were prepared for each salt. The first formulation consisted 

only of micronized drug. The second formulation contained drug and carrier lactose. The 

third formulation contained drug, carrier lactose, and fine lactose. 

 

The addition of carrier lactose improves metering of the drug and addition of fine lactose 

improves performance of DPI formulations. By testing these three types of formulation, 
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it was hoped to gain some knowledge of the mechanisms at work that might then be 

applied to the determination of a salt‟s suitability to formulation. 

 

The drug content of the binary and ternary formulations needed to be standardized to 

allow for comparison of the results. The options considered were maintaining a constant 

weight of drug-containing particles, keeping the amount of active chemical constant, and 

having a fixed number of drug-containing particles. 

 

To keep the number of drug-containing particles constant involves approximating the 

mean volume of the drug particles and measuring the density of the particles. The 

particle size distribution of the drug particles was measured in chapter 3, however those 

measurements assume that all the particles are spherical. The electron micrographs of 

the milled drug particles clearly indicate that the particles were not spherical. In addition 

the particle size distributions measured by laser diffraction were broad, rather than 

tightly distributed around the mode. Given these potential problems with accurately 

estimating the mean drug particle size, it was decided not to formulate with a constant 

number of drug-containing particles. 

 

Maintaining a constant weight of drug-containing particles in the binary and ternary 

formulations was the simplest option. The option of making formulations containing a 

fixed amount of drug was chosen as it did not have the drawbacks of trying to maintain a 

fixed number of drug-containing particles and it was closer to the real situation that 

would be encountered in formulating to deliver a specific dose of drug to the airways of 

the lung. 

 

5.2.2.1 Formulation Blending 

 

No blending was carried out for the drug-only formulation. 
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Binary formulations were prepared on a 5 g scale such that 20 mg of the formulation 

would contain 200 g salbutamol (1 %w/w drug content). The blends were prepared by 

geometric mixing the powders in a 30 ml glass test tube fitted with a glass stopper. The 

mixing was carried out in a Whirlimixer (Fisons Scientific Equipment, Loughborough, 

UK). The powders were mixed for 30 seconds per iteration. The amount of each salt 

used is shown in table 5.1. 

 

Material Molecular Weight 

Equivalent to One 

Salbutamol Molecule 

Drug Content in 5g 

Formulation (mg) 

Base (CM) 239.31 50.00 

Acetate (CM) 299.36 62.55 

Propionate (CM) 313.39 65.48 

Tartrate (CM) 314.36 65.68 

Hydroxynaphthoate (CM) 427.49 89.32 

Sulphate (as supplied) 288.35 60.25 

Table 5.1 Drug Mass Required for 1% Salbutamol Content 

 

For the ternary blends, a 50 g pre blend of carrier lactose and fine lactose was prepared 

containing 10.1 %w/w fine lactose and 89.9 %w/w carrier lactose. This mixture was 

blended geometrically in a sealed 200 ml glass jar using a Whirlimixer with 30 seconds 

of mixing per iteration. The ternary blends were then prepared using the same amount of 

drug material as the binary formulations and using the same blending regime. This 

produced ternary blends containing 10 %w/w fine lactose which has been shown to 

improve formulation performance significantly (Lucas, et al. 1998; Podczeck 1998a; 

Louey and Stewart 2002; Shah and Misra 2004). 

 

After blending, all of the formulations were stored at 25 ˚C and 43 %RH. All 

formulations were stored for 48 hours prior to any testing to allow tribocharging effects 

to dissipate. 
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5.2.3 Content Uniformity Assessment 

 

All binary and ternary formulations were assessed to determine if the micronized drug 

had been uniformly distributed throughout the bulk of the formulation and to measure 

the drug content of each formulation. 

 

The formulation to be sampled was spread out on a sheet of clean paper and 10 aliquots 

of 20 ± 1 mg were taken from throughout the blend with a metal spatula. The weighed 

samples were placed in 50 ml volumetric flasks, 20 ml of HPLC mobile phase was 

added, and the mixture was sonicated until the sample had all dissolved. The solutions 

were allowed to cool and made up to the mark with more HPLC mobile phase. The drug 

content of these solutions was then analysed by HPLC (the method is outlined in 

sections 2.2.5.2 and 2.2.5.3). The mean drug content was calculated, and relative 

standard deviation (RSD) was calculated using equation 5.1. 

 

Equation 5.1  
x

SD
RSD

100
  

 

A full mass balance was not performed on the content uniformity samples. 

 

5.2.4 Impactor Testing 

 

Assessment of the performance of DPI formulation is typically carried out in vitro by 

inertial impaction using either an Andersen cascade impactor or a Next Generation 

Impactor (NGI). There are many pieces of equipment dedicated to this pursuit that 

employ a variety of geometries and result in the particles colliding with a solid surface 

(impaction) or a liquid surface (impingement). 
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To determine drug delivery performance, a formulation is aerosolized from a device into 

a flow of air passing through the impactor at a known rate. In each stage of the impactor, 

the airflow passes through nozzles at a known distance above a collection surface. 

 

The principal factors determining which particles are captured at each stage of an 

impactor are the volumetric flow rate through the impactor, the distance from nozzle to 

collection surface, the number of nozzles at a given stage, and, critically, the cube of the 

nozzle diameter. Careful control of these factors allows for classification of the 

aerosolized particles whilst maintaining a laminar flow in the impactor. As the 

volumetric flow rate usually remains constant in a given experiment, the classification of 

the particles is achieved by reducing the nozzle diameter and increasing the number of 

nozzles at each subsequent stage. At each stage, particles entrained in the airflow that 

fail to relax into the new airflow direction are captured by impaction on the collection 

surface. Smaller particles, with lower inertia, can quickly relax into the airflow and carry 

through to the next stage. 

 

5.2.4.1 The Inhaler Device 

 

The dry powder inhaler device used in this study was the Aerolizer™ (Novartis 

International AG, Basel, Switzerland) a medium resistance, single dose capsule device 

that uses four metal pins to puncture the ends of a size 3 capsule. The airflow through 

the device then spins the capsule in a circular path allowing the powder within to exit 

through the pierced holes. The device is shown in figure 5.1 
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Figure 5.1 The Aerolizer™ 

 

5.2.4.2 The Multi-Stage Liquid Impinger 

 

The multi-stage liquid impinger (MSLI) was used for analysis of the performance of the 

unformulated, micronized drug. It is a four-stage impactor, with each stage containing 

20 ml of HPLC mobile phase to dissolve the drug. It was selected for these experiments 

as it is simple to operate and provides sufficiently detailed information for the initial 

look at drug-only performance. All MSLI testing was carried out using an airflow of 60 

lmin
-1

 for 4 seconds. The airflow being generated by connecting the MSLI to a vacuum 

pump (Gast, Benton Harbor, MI, USA). The flow rate was measured using a digital 

flowmeter (DFM2000, Copley Scientific Ltd, Nottingham, UK) calibrated by the 

manufacturer. The inhaler was connected to the MSLI throat using a purpose built 
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rubber adaptor. After each experiment, the MSLI was cleaned with water and methanol 

and air-dried. Figure 5.2 shows a schematic of an MSLI. 

 

 

Figure 5.2 Multi-Stage Liquid Impinger Schematic 

 

The effective cut-off diameters for the MSLI at 60 lmin
-1

 were determined by Asking 

and Olsson (1997) and are shown in table 5.2. 
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MSLI Stage Effective Cut-off Diameter (m) 

1 13.0 

2 6.8 

3 3.1 

4 1.7 

Table 5.2 Multi-Stage Liquid Impinger Cut-Off Values at 60 lmin
-1

 

 

5.2.4.3 The Next Generation Impactor 

 

A Next Generation Impactor (Copley Scientific Ltd, Nottingham, UK) fitted with a pre-

separator (figures 5.3 (closed configuration) and 5.4 (open configuration)) was used for 

much of the impactor testing (Marple, et al. 2003b). A pre-separator was attached for 

testing carrier based DPI formulations, as a means of removing the bulk of the carrier 

excipient so that it did not overload the collection plate in the first stage of the impactor. 

The NGI differs from a typical inertial impactor in that the different stages are arranged 

side-by-side rather than stacked vertically. 

 

All the primary impactor testing was carried out with an airflow of 60 lmin
-1

 for 4 

seconds. A secondary set of testing was carried out at 30 lmin
-1

 for 4 seconds. The 

inhaler was connected to the NGI throat using a purpose built adaptor. The required 

airflow was generated and measured as for the MSLI experiments. The collection cups 

were coated with a thin layer of silicone oil by rinsing each plate with a 1 %v/v solution 

of silicone oil in hexane and allowing the hexane to evaporate prior to each test to 

minimize the likelihood of any particles colliding with the collection surface and re-

suspending into the airflow due to particle bounce (Nasr, et al. 1997). The lower section 

of the pre-separator was treated similarly and the collection plate in the pre-separator 

filled with 15 ml of HPLC mobile phase. After each experiment, the NGI was cleaned 

with water and methanol and air-dried. 
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Figure 5.3 Next Generation Impactor with Pre-Separator 

 

 

Figure 5.4 Next Generation Impactor showing the Nozzles 
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The effective cut-off diameters for the NGI at 60 lmin
-1

 and 30 lmin
-1

 were determined 

by Marple, et al. (2003a) and are shown in tables 5.3 and 5.4. 

 

NGI Stage Effective Cut-off Diameter (m) 

Pre-separator 12.8 

1 8.06 

2 4.46 

3 2.82 

4 1.66 

5 0.94 

6 0.55 

7 0.34 

Table 5.3 Next Generation Impactor Cut-Off Values at 60 lmin
-1

 

 

NGI Stage Effective Cut-off Diameter (m) 

Pre-separator 14.9 

1 11.7 

2 6.40 

3 3.99 

4 2.30 

5 1.36 

6 0.83 

7 0.54 

Table 5.4 Next Generation Impactor Cut-Off Values at 30 lmin
-1

 

 

These values were used in the determination of the mass median aerodynamic diameter 

(MMAD) and geometric standard deviation (GSD) for the formulations tested. 
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5.2.4.4 Capsule Filling 

 

For the drug only testing, 5 ± 0.5 mg of drug was weighed into each size 3 HPMC 

capsule (Shionogi Qualicaps SA, Basingstoke, UK). For the binary and ternary 

formulations, 30 capsules were prepared. 20 ± 1 mg of formulation was weighed into 

each capsule. The capsules were sealed and allowed to stand for 24 hours at 25 ˚C and 

43 %RH prior to testing. 

 

5.2.4.5 Formulation Performance Testing 

 

The drug only formulations were tested using a multi-stage liquid impinger (MSLI) with 

an airflow of 60 lmin
-1

. This technique is faster both in testing and analysis (fewer 

samples) than the next generation impactor (NGI). Whilst the MSLI does not give as 

detailed an insight into the aerosolization of the material under test as an NGI, it was felt 

that sufficient information would be obtained to establish the intrinsic properties of the 

micronized drugs. Three capsules were fired per MSLI test and each test was carried out 

in triplicate. 

 

The binary and ternary formulations were tested using an NGI with an airflow of 60 

lmin
-1

. Since the formulations under test may potentially exhibit a similar deposition 

profile, a second series of impactor tests were carried out for the ternary formulations 

using the NGI with a reduced airflow. Zanen, et al. (1992) demonstrated that the 

aerosolization performance of the Cyclohaler (a functionally identical DPI to the 

Aerolizer™) does not increase at flow rates above 40 lmin
-1

 with respect to respirable 

particles, so the reduced flow rate was set at 30 lmin
-1

. It may be possible by 

dramatically reducing the energy input into the system that any small differences in the 

performance of the formulations at 60 lmin
-1

 would be accentuated and thus 

differentiation between the various salts made easier. 
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5.2.4.6 Treatment of the Deposition Data 

 

Since the drug content of the formulations was not uniform, all the deposition results 

were calculated as percentages of the recovered drug to allow for direct comparison. The 

deposition pattern was plotted and the amount of material remaining within the 

device/capsule analysed. As the material retained within the device was not fluidised 

sufficiently to exit the device and not subsequently aerosolized, the deposition as a 

fraction of the emitted dose was then calculated and analysed on a stage-by-stage basis. 

 

The deposition data was then used to calculate several quantities useful in the analysis of 

the aerodynamic characteristics of the drugs. The emitted dose (ED) represents the total 

amount of drug (as salbutamol base) exiting the device per shot. The recovered dose 

(RD) was the total drug recovered (as salbutamol base). 

 

The cumulative mass deposited (as a percentage of the total mass recovered) less than 

stated size was plotted on a probability scale against the effective cut-off diameter of the 

impactor stages on a logarithmic scale. A straight line best fitting the points plotted was 

drawn and the mass median aerodynamic diameter (MMAD) was measured from this 

plot as the particle size corresponding to the 50
th

 percentile (OECD 2004). The 

geometric standard deviation (GSD) of the distribution was calculated using equation 

5.2: 

 

Equation 5.2  

9.15

1.84

x

x
GSD   

 

Where x is the particle size at the given percentile. 

 

The fine particle dose (FPD), corresponding to the amount of drug (as salbutamol base) 

with an aerodynamic diameter of below 5 μm, was calculated by reading the percentage 

corresponding to the 5 μm point and reconverting to a mass. 
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The MMAD, GSD, and FPD values were checked using a spreadsheet created in 

Microsoft Excel. 

 

The fine particle fraction (FPF) of the drug, which corresponds to that fraction of active 

pharmaceutical ingredient with an aerodynamic diameter of less than 5 μm was 

calculated with respect to both the emitted dose (FPF(ED)) and recovered dose 

(FPF(RD)) using equations 5.3 and 5.4: 

 

Equation 5.3    %100.
ED

FPD
EDFPF   

 

Equation 5.4    %100.
RD

FPD
RDFPF   

 

These results reduce the performance measurements to a few numbers allowing for 

simplistic comparisons without the detailed analysis allowed by the stage-by-stage 

deposition data. The MMAD and FPF(ED) data do not take into account deposition in 

the device/capsule and so need to be assessed along with the FPF(RD) data. 

 

5.3 Results and Discussion 

 

5.3.1 Content Uniformity 

 

The mean drug content and RSD for the binary formulations are shown in table 5.5. 
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Material Mean Drug Content as 

Base 

(%) 

Relative Standard 

Deviation 

(%) 

Base (CM) 1.25 (0.06) †† 5.01 

Acetate (CM) 0.94 (0.01) ** †† 1.48 

Propionate (CM) 1.01 (0.02) ** †† 2.28 

Tartrate (CM) 0.84 (0.02) ** 2.64 

Hydroxynaphthoate (CM) 1.02 (0.01) ** †† 1.02 

Sulphate (as supplied) 0.95 (0.01) ** †† 0.92 

Table 5.5 Content Uniformity for Binary Formulations (** P < 0.01 with respect to the base, 

†† P < 0.01 with respect to the tartrate) 

(Standard Deviations Shown in Brackets, n = 10) 

 

The mean drug content and RSD for the ternary formulations are shown in table 5.6. 

 

Material Mean Drug Content as 

Base 

(%) 

Relative Standard 

Deviation 

(%) 

Base (CM) 0.94 (0.03) †† 2.75 

Acetate (CM) 0.91 (0.02) †† 2.03 

Propionate (CM) 0.87 (0.03) ** †† 3.46 

Tartrate (CM) 0.67 (0.02) ** 3.29 

Hydroxynaphthoate (CM) 0.90 (0.02) ** †† 1.90 

Sulphate (as supplied) 0.89 (0.01) ** †† 0.88 

Table 5.6 Content Uniformity for Ternary Formulations (** P < 0.01 with respect to the 

base, †† P < 0.01 with respect to the tartrate) 

(Standard Deviations Shown in Brackets, n = 10) 

 

For both types of formulation, the drug content was significantly higher for the base, 

suggesting that the base has a lower affinity for the mixing vessel walls (glass) than for 

lactose. For each type of formulation, the tartrate showed the lowest drug content 
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suggesting that losses to the mixing vessel walls may be relatively high. This effect may 

be corrected by changing the material of construction for the mixing vessel. 

 

In all cases, the RSD was acceptable (< 6 %), showing that the blending regime used 

was appropriate for the preparation of 5 g blends. 

 

5.3.2 Impactor Deposition 

5.3.2.1 Drug-Only Deposition 

 

The deposition behaviour for the drug-only MSLI tests, with respect to the recovered 

dose, is shown in figure 5.5 and tables 5.7. 

 

Figure 5.5 Normalised Drug Deposition in MSLI for Drug-only Formulations 

(Error Bars Indicate Standard Deviation, n = 3) 
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Material Percentage of Drug Recovered on the Respective MSLI Stages 

 D/C Th 1 2 3 4 Filter 

Base (CM) 23.76 

(2.08) 

6.41 

(1.77) 

1.53 

(0.75) 

4.59 

(0.51) 

29.36 

(1.41) 

28.48 

(1.48) 

5.87 

(0.36) 

Acetate (CM) 23.79 

(1.11) 

10.42 

(0.32) 

** 

1.60 

(0.20) 

4.97 

(0.70) 

28.63 

(0.54) 

23.49 

(0.47) 

7.11 

(0.20) 

Propionate (CM) 59.49 

(1.80) 

** 

3.64 

(0.18) 

* 

3.47 

(0.60) 

2.39 

(0.70) 

11.02 

(0.77) 

14.65 

(1.72) 

** 

5.34 

(0.44) 

Tartrate (CM) 41.62 

(3.35) 

** 

8.51 

(0.16) 

4.32 

(1.80) 

* 

3.60 

(0.37) 

12.19 

(1.05) 

19.60 

(2.74) 

** 

10.16 

(0.87) 

** 

Hydroxynaphthoate 

(CM) 

25.41 

(0.87) 

13.23 

(1.01) 

** 

1.54 

(0.07) 

8.39 

(0.14) 

** 

29.40 

(0.38) 

16.98 

(0.24) 

** 

5.05 

(0.13) 

Sulphate (as 

supplied) 

36.17 

(4.50) 

** 

4.81 

(0.62) 

1.28 

(0.14) 

4.28 

(2.03) 

22.09 

(2.10) 

23.27 

(3.49) 

8.09 

(1.62) 

* 

Table 5.7 Normalised Drug Deposition in MSLI for Drug-only Formulations (* P < 0.05, ** P 

< 0.01 with respect to the base) 

(Standard Deviations Shown in Brackets, n = 3) 

 

Deposition of the propionate, tartrate, and sulphate salts was significantly higher in the 

device and capsule compared to that of the base (P < 0.01) suggesting that they may be 

difficult to fluidise and/or they might have high affinity for the capsule and inner wall of 

the device. 

 

The deposition behaviour for the drug-only MSLI tests, with respect to the emitted dose, 

is shown in table 5.8. 
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Material Percentage of Emitted Drug on the Respective 

MSLI Stages 

 Throat 1 2 3 4 Filter 

Base (CM) 8.36 

(2.03) 

2.01 

(1.01) 

6.03 

(0.84) 

38.53 

(3.04) 

37.37 

(3.08) 

7.71 

(0.68) 

Acetate (CM) 13.65 

(0.32) 

** 

2.10 

(0.28) 

6.53 

(1.11) 

37.57 

(2.68) 

30.82 

(2.07) 

9.33 

(0.61) 

Propionate (CM) 8.98 

(0.92) 

8.52 

(1.00) 

5.82 

(1.35) 

27.18 

(2.64) 

** 

36.29 

(6.10) 

13.21 

(1.82) 

** 

Tartrate (CM) 14.57 

(0.84) 

** 

7.26 

(2.50) 

6.13 

(0.23) 

20.93 

(2.91) 

** 

33.69 

(6.23) 

17.41 

(2.12) 

** 

Hydroxynaphthoate 

(CM) 

17.73 

(1.04) 

** 

2.06 

(0.04) 

11.25 

(0.47) 

* 

39.43 

(1.52) 

22.76 

(0.73) 

** 

6.77 

(0.14) 

Sulphate (as 

supplied) 

7.51 

(0.25) 

2.03 

(0.40) 

6.88 

(3.84) 

34.65 

(4.02) 

* 

36.20 

(0.87) 

12.74 

(3.03) 

** 

Table 5.8 Normalised Emitted Drug Deposition in MSLI for Drug-only Formulations (* P < 

0.05, ** P < 0.01 with respect to the base) 

(Standard Deviations Shown in Brackets, n = 3) 

 

The acetate had significantly higher throat deposition than the base (P < 0.01). This may 

be due to the salt fluidize as large agglomerates leading to inertial impaction in the 

throat. 

 

Propionate had significantly lower deposition in stage 3 than the base (P < 0.01). 
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Tartrate had significantly higher deposition in the throat and filter than the base (both P 

< 0.01), and significantly lower deposition in stage 3 than the base (P < 0.01). This 

deposition pattern may be associated with the high aspect ratio of the tartrate. Particles 

aligned with one another may have a large contact area, giving rise to high cohesive 

forces and producing large agglomerates that deposit in the throat. Those particles that 

did aerosolize effectively may align with the airflow allowing them to pass through the 

impactor. 

 

Hydroxynaphthoate had significantly higher deposition in the throat (P < 0.01) and stage 

2 (P < 0.05) than the base and significantly lower deposition in stage 4 than the base (P 

< 0.01). 

 

Sulphate had significantly lower deposition in stage 3 than the base (P < 0.05) and 

significantly higher deposition on the filter than the base (P < 0.01). 

 

The calculated results for the drug-only MSLI tests are shown in table 5.9. 
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Material RD 

(μg) 

ED 

(μg) 

FPD 

(μg) 

MMAD 

(μm) 

GSD FPF(ED) 

(%) 

FPF(RD) 

(%) 

Base (CM) 4406.25 

(138.26) 

3361.41 

(196.24) 

2258.00 

(185.5) 

3.46 

(0.12) 

1.82 67.14 

(2.55) 

51.20 

(2.82) 

Acetate (CM) 3526.27 

(190.38) 

2688.42 

(175.54) 

** 

1684.77 

(116.91) 

** 

3.43 

(0.02) 

1.87 62.66 

(0.44) 

47.76 

(1.01) 

Propionate (CM) 3043.77 

(193.17) 

1233.80 

(110.95) 

** 

749.03 

(108.99) 

** 

3.45 

(0.27) 

2.37 60.50 

(3.46) 

24.54 

(2.38) 

** 

Tartrate (CM) 2585.46 

(71.94) 

1797.20 

(170.37) 

** 

1080.57 

(182.59) 

** 

3.04 

(0.28) 

2.56 59.83 

(4.74) 

34.90 

(4.31) 

** 

Hydroxynaphthoate 

(CM) 

2585.46 

(71.94) 

1928.20 

(45.88) 

** 

1051.70 

(34.19) 

** 

3.88 

(0.01) 

1.83 54.54 

(0.88) 

** 

40.68 

(0.21) 

** 

Sulphate (as 

supplied) 

3511.28 

(412.20) 

2230.25 

(151.76) 

** 

1555.83 

(63.18) 

** 

3.19 

(0.29) 

1.92 69.88 

(3.20) 

44.60 

(3.71) 

Table 5.9 Calculated Aerodynamic Data for Drug-only Formulations (* P < 0.05, ** P < 0.01 

with respect to the base) 

(Standard Deviations Shown in Brackets, n = 3) 

 

The ED for all the salts was lower than for the base (P < 0.01). Similarly, the FPD for all 

the salts was lower than for the base (P < 0.01). There were no significant differences in 

the MMAD values. The FPF(ED) was significantly lower for the hydroxynaphthoate 

than the base (P < 0.01). The FPF(RD) was significantly lower for the propionate, 

tartrate, and hydroxynaphthoate than the base (P < 0.01). 
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Assessing the salts individually, the acetate showed higher deposition in the throat 

producing a significantly lower ED and FPD but the fine particle fractions were not 

significantly different. 

 

The propionate had very high device deposition, low deposition in stage 3 but high 

deposition on the filter. This combination produced significantly lower ED and FPD 

values and a very low value for the FPF(RD). Overall, the propionate performed poorly 

because only ca. 40 % of the dose exited the device. 

 

The tartrate showed significantly higher device, throat and filter deposition, and 

significantly lower stage 3 deposition compared to the base. The emitted and fine 

particle doses were significantly lower than the base and the FPF(RD) was low. Again, 

the high device retention was the major contributor to the overall poor performance. 

 

The hydroxynaphthoate showed significantly higher deposition in the throat and stage 2 

and had significantly lower deposition in stage 4 than the base. Significantly lower 

values were calculated for the ED, FPD, FPF(ED), and FPF(RD). All aspects of this 

salt‟s performance were poor. 

 

The sulphate showed significantly higher deposition in the device and filter, and 

significantly lower deposition in stage 3 compared to the base. ED and FPD were 

significantly lower than for the base but the FPF values were similar to those of the base. 

 

5.3.2.2 Binary Formulation Deposition 

 

The deposition behaviour for the binary formulation tests, with respect to the recovered 

dose, is shown in figure 5.6 and table 5.10. 
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Figure 5.6 Normalised Drug Deposition in NGI for Binary Formulations 

(Error Bars Indicate Standard Deviation, n = 3) 
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Material Percentage of Drug Recovered on the Respective NGI Stages 

 D/C Th/PS 1 2 3 4 5 6 7 + 8 

Base (CM) 26.75 

(2.31) 

35.90 

(1.65) 

2.93 

(2.37) 

4.30 

(0.20) 

11.25 

(1.21) 

12.51 

(1.39) 

6.20 

(0.59) 

2.74 

(1.14) 

1.81 

(0.70) 

Acetate (CM) 24.53 

(2.66) 

32.04 

(1.96) 

2.76 

(0.07) 

9.52 

(0.40)

** 

12.52 

(0.62) 

12.30 

(0.81) 

5.81 

(0.11) 

1.76 

(0.06) 

1.59 

(0.60) 

Propionate (CM) 24.00 

(3.95) 

48.69 

(3.85)

* 

1.13 

(0.34) 

2.37 

(0.10)

** 

6.94 

(0.14)

** 

11.28 

(0.12) 

6.72 

(0.09) 

2.22 

(0.22) 

1.05 

(0.10) 

Tartrate (CM) 13.29 

(1.92) 

** 

58.29 

(2.70)

* 

0.91 

(0.09) 

1.32 

(0.25)

** 

2.86 

(0.56)

** 

9.66 

(1.70) 

10.20 

(0.48)

** 

3.32 

(0.17) 

1.79 

(0.15) 

Hydroxynaphthoate 

(CM) 

30.76 

(3.23) 

41.70 

(2.30) 

4.89 

(0.30) 

7.74 

(0.16)

** 

6.18 

(0.34)

** 

5.48 

(0.15)

** 

3.27 

(0.07)

** 

1.64 

(0.31) 

1.30 

(0.07) 

Sulphate (as 

supplied) 

19.98 

(4.99) 

42.31 

(3.93) 

1.50 

(0.06) 

3.94 

(0.15) 

6.98 

(0.89)

** 

10.68 

(1.45) 

7.61 

(0.66)

* 

3.12 

(0.35) 

4.05 

(1.04) 

** 

Table 5.10 Drug Deposition in NGI for Binary Formulations (* P < 0.05, ** P < 0.01 with 

respect to the base) 

(Standard Deviations Shown in Brackets, n = 3) 

 

With respect to the device/capsule deposition, only the tartrate showed significantly 

different deposition to the base (P < 0.01), which was much lower. This change from 

high deposition from the drug–only formulation to low deposition when lactose was 

introduced suggests that either the tartrate has a high affinity for lactose that could be 

associated with the surface chemistry, or a large contact area between drug and carrier 

particles. 

 



Rapid Preformulation Screening of Drug Candidates for Dry Powder Inhaler Preparation 

 

 

 – 231 – 

Chapter 5 – Dry Powder Inhaler Formulation and Assessment 

The deposition behaviour for the binary formulation tests, with respect to the emitted 

dose, is shown in table 5.11. 

 

Material Percentage of Emitted Drug on the Respective NGI Stages 

 Th/PS 1 2 3 4 5 6 7 + 8 

Base (CM) 46.28 

(1.08) 

3.65 

(2.70) 

5.54 

(0.17) 

14.53 

(1.80) 

16.08 

(0.67) 

7.97 

(0.21) 

3.57 

(1.62) 

2.37 

(1.01) 

Acetate (CM) 40.91 

(0.84) 

* 

3.53 

(0.07) 

12.16 

(0.37) 

** 

15.99 

(0.23) 

15.70 

(0.57) 

7.42 

(0.30) 

2.25 

(0.10) 

2.04 

(0.82) 

Propionate (CM) 60.49 

(1.78) 

** 

1.40 

(0.35) 

2.95 

(0.26) 

** 

8.64 

(0.38) 

** 

14.06 

(0.79) 

8.38 

(0.51) 

2.77 

(0.36) 

1.31 

(0.07) 

Tartrate (CM) 65.96 

(2.03) 

** 

1.03 

(0.11) 

1.49 

(0.31) 

** 

3.24 

(0.68) 

** 

10.95 

(2.00) 

** 

11.54 

(0.46) 

** 

3.75 

(0.17) 

2.03 

(0.16) 

Hydroxynaphthoate 

(CM) 

57.72 

(1.47) 

** 

6.78 

(0.51) 

* 

10.72 

(0.34) 

** 

8.58 

(0.68) 

** 

7.59 

(0.18) 

** 

4.53 

(0.15) 

** 

2.27 

(0.43) 

1.80 

(0.08) 

Sulphate (as 

supplied) 

52.72 

(2.39) 

** 

1.88 

(0.05) 

4.92 

(0.36) 

8.67 

(0.60) 

** 

13.29 

(1.14) 

9.50 

(0.87) 

* 

3.89 

(0.25) 

5.12 

(1.68) 

* 

Table 5.11 Normalised Emitted Drug Deposition in NGI for Binary Formulations (* P < 0.05, 

** P < 0.01 with respect to the base) 

(Standard Deviations Shown in Brackets, n = 3) 

 

The calculated results for the binary formulation tests are shown in table 5.12. 
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Material RD 

(μg) 

ED 

(μg) 

FPD 

(μg) 

MMAD 

(μm) 

GSD FPF(ED) 

(%) 

FPF(RD) 

(%) 

Base (CM) 222.65 

(16.48) 

165.59 

(11.51) 

73.17 

(1.50) 

2.40 

(0.37) 

2.19 44.29 

(2.29) 

32.95 

(1.86) 

Acetate (CM) 196.96 

(10.56) 

167.04 

(7.16) 

76.97 

(2.11) 

2.75 

(0.10) 

2.17 46.10 

(0.72) 

35.12 

(1.19) 

Propionate (CM) 194.33 

(13.10) 

149.67 

(6.18) 

52.40 

(1.31) 

** 

2.13 

(0.04) 

2.01 35.07 

(2.19) 

** 

27.06 

(2.25) 

* 

Tartrate (CM) 167.13 

(6.96) 

145.26 

(4.83) 

45.93 

(3.50) 

** 

1.69 

(0.06) 

** 

2.08 31.60 

(1.77) 

** 

27.49 

(1.93) 

* 

Hydroxynaphthoate 

(CM) 

171.30 

(9.96) 

114.66 

(4.74) 

** 

31.30 

(0.30) 

** 

3.44 

(0.12) 

** 

2.71 27.33 

(1.05) 

** 

19.18 

(0.97) 

** 

Sulphate (as 

supplied) 

190.05 

(13.44) 

151.94 

(11.14) 

62.60 

(1.06) 

** 

1.86 

(0.12) 

* 

2.38 41.31 

(2.28) 

33.04 

(2.28) 

Table 5.12 Calculated Aerodynamic Data for Binary Formulations (* P < 0.05, ** P < 0.01 

with respect to the base) 

(Standard Deviations Shown in Brackets, n = 3) 

 

The hydroxynaphthoate showed a significantly lower ED to the base (P < 0.01). 

Propionate, tartrate, hydroxynaphthoate, and sulphate all had significantly lower FPD 

values than the base (P < 0.01). Hydroxynaphthoate had a significantly higher MMAD 

than the base (P < 0.01). Tartrate and sulphate had significantly lower MMADs than the 

base (P < 0.01 for the tartrate, P < 0.05 for the sulphate). The FPF(ED) for propionate, 

tartrate, and hydroxynaphthoate was significantly lower than that of the base (P < 0.01). 

The FPF(RD) for propionate, tartrate, and hydroxynaphthoate was also significantly 
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lower than that of the base (P < 0.05 for propionate and tartrate, P < 0.01 for 

hydroxynaphthoate). 

 

Overall, the acetate performed very similarly to the base. Deposition in the throat was 

lower than the base, and deposition in stage 3 was higher. The calculated results were 

not significantly different from those of the base. 

 

The propionate had high throat deposition and low deposition in stages 2 and 3 

compared to the base. FPD and FPF values were significantly reduced compared to the 

base because of the high throat deposition. 

 

Tartrate had a significantly lower device deposition but significantly higher throat 

deposition to the base. Low deposition was seen on stages 2, 3, and 4 but high deposition 

on stage 5. FPD and FPF values were significantly lower than the base. The MMAD 

value for tartrate was significantly lower than that for the base despite the apparently 

poor performance. These data suggest that the tartrate has a high affinity for lactose 

allowing it to be easily removed from the device, but preventing it from being removed 

from the surface of the lactose carrier particles. The small amount of aerosolized tartrate 

particles exhibit the low particle size demonstrated by their particle size distribution 

(table 3.4). 

 

Hydroxynaphthoate showed high deposition in the throat and stages 1 and 2 but low 

deposition on stages 3, 4, and 5. It also had a low ED, FPD and FPF values. The MMAD 

was significantly higher than that of the base. Overall, the hydroxynaphthoate performed 

poorly. 

 

Sulphate had high throat deposition, low deposition on stage 3, high deposition on stages 

5, and 7+8. It had a low FPD and MMAD compared to the base, but its ED and FPF 

values were comparable to those of the base. 

 



Rapid Preformulation Screening of Drug Candidates for Dry Powder Inhaler Preparation 

 

 

 – 234 – 

Chapter 5 – Dry Powder Inhaler Formulation and Assessment 

5.3.2.3 Ternary Formulation Deposition at 60 lmin
-1

 

 

The deposition behaviour for the ternary formulation tests at 60 lmin
-1

, with respect to 

the recovered dose, is shown in figure 5.7 and table 5.13. 

 

 

Figure 5.7 Normalised Drug Deposition in NGI for Ternary Formulations at 60 lmin
-1 

(Error Bars Indicate Standard Deviation, n = 3) 
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Material Percentage of Drug Recovered on the Respective NGI Stages 

 D/C Th/PS 1 2 3 4 5 6 7 + 8 

Base (CM) 21.46 

(0.70) 

26.51 

(1.22) 

2.63 

(0.12) 

6.46 

(0.61) 

13.43 

(0.96) 

16.07 

(0.61) 

8.51 

(0.12) 

3.79 

(0.36) 

3.07 

(0.35) 

Acetate (CM) 18.38 

(1.28) 

32.28 

(3.15) 

4.32 

(0.46)

** 

11.08 

(0.89)

** 

13.52 

(1.15) 

13.10 

(1.53)

* 

6.44 

(0.59)

** 

2.57 

(0.36)

** 

2.94 

(0.45) 

Propionate (CM) 21.68 

(2.84) 

40.32 

(2.98)

** 

3.53 

(0.23)

* 

7.45 

(0.85) 

9.94 

(1.01)

** 

11.86 

(1.04)

** 

6.22 

(0.35)

** 

2.25 

(0.16)

** 

1.35 

(0.13) 

** 

Tartrate (CM) 12.79 

(0.85) 

** 

47.83 

(2.72)

** 

2.60 

(0.10) 

3.40 

(0.41)

* 

5.18 

(0.48)

** 

11.82 

(0.44)

** 

11.66 

(0.24)

** 

5.02 

(0.22)

** 

2.44 

(0.18) 

Hydroxynaphthoate 

(CM) 

21.86 

(1.45) 

40.02 

(1.23)

** 

7.38 

(0.23)

** 

12.40 

(0.73)

** 

9.22 

(0.35)

** 

6.43 

(0.15)

** 

2.65 

(0.06)

** 

1.23 

(0.21)

** 

0.93 

(0.07) 

** 

Sulphate (as 

supplied) 

16.21 

(0.71) 

* 

37.60 

(1.58)

** 

3.26 

(0.39) 

7.63 

(0.54) 

10.91 

(0.41)

* 

13.81 

(1.49) 

7.90 

(0.76) 

3.02 

(0.22)

* 

1.90 

(0.28) 

** 

Table 5.13 Drug Deposition in NGI for Ternary Formulations at 60 lmin
-1

 (* P < 0.05, ** P < 

0.01 with respect to the base) 

(Standard Deviations Shown in Brackets, n = 3) 

 

Device/capsule deposition was significantly lower for the tartrate and the sulphate than it 

was for the base (P < 0.01 for tartrate, P < 0.05 for sulphate). 

 

The deposition behaviour for the ternary formulation tests at 60 lmin
-1

, with respect to 

the emitted dose, is shown in table 5.14. 
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Material Percentage of Emitted Drug on the Respective NGI Stages 

 Th/PS 1 2 3 4 5 6 7 + 8 

Base (CM) 32.94 

(0.40) 

3.28 

(0.23) 

8.01 

(0.46) 

16.67 

(0.62) 

19.97 

(0.17) 

10.58 

(0.23) 

4.73 

(0.59) 

3.82 

(0.54) 

Acetate (CM) 37.40 

(1.34) 

** 

5.00 

(0.15) 

** 

12.85 

(0.03) 

** 

15.70 

(1.21) 

15.17 

(0.99) 

** 

7.47 

(0.22) 

** 

3.00 

(0.56) 

** 

3.42 

(0.59)  

Propionate (CM) 48.63 

(1.12) 

** 

4.26 

(0.34) 

** 

8.97 

(0.55) 

11.98 

(0.74) 

** 

14.30 

(0.64) 

** 

7.51 

(0.39) 

** 

2.72 

(0.08) 

** 

1.63 

(0.10) 

* * 

Tartrate (CM) 53.16 

(0.62) 

** 

2.89 

(0.06) 

3.77 

(0.28) 

** 

5.76 

(0.43) 

** 

13.15 

(0.43) 

** 

12.98 

(0.65) 

** 

5.59 

(0.32) 

2.71 

(0.09) 

* 

Hydroxynaphthoate 

(CM) 

49.86 

(1.03) 

** 

9.20 

(0.23) 

** 

15.44 

(0.50) 

** 

11.49 

(0.39) 

** 

8.01 

(0.09) 

** 

3.30 

(0.17) 

** 

1.53 

(0.23) 

** 

1.16 

(0.08)  

** 

Sulphate (as 

supplied) 

43.73 

(1.01) 

** 

3.78 

(0.25) 

8.86 

(0.26) 

12.71 

(0.88) 

** 

16.02 

(0.86) 

** 

9.17 

(0.47) 

**  

3.52 

(0.21) 

* 

2.22 

(0.37)  

** 

Table 5.14 Normalised Emitted Drug Deposition in NGI for Ternary Formulations at 60 lmin
-1

 

(* P < 0.05, ** P < 0.01 with respect to the base) 

(Standard Deviations Shown in Brackets, n = 3) 

 

The calculated results for the ternary formulation tests at 60 lmin
-1

 are shown in table 

5.15. 
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Material RD 

(μg) 

ED 

(μg) 

FPD 

(μg) 

MMAD 

(μm) 

GSD FPF(ED) 

(%) 

FPF(RD) 

(%) 

Base (CM) 191.51 

(7.40) 

151.20 

(6.30) 

85.33 

(2.94) 

2.24 

(0.06) 

2.23 56.45 

(0.41) 

44.56 

(0.31) 

Acetate (CM) 183.55 

(14.44) 

151.30 

(12.14) 

71.50 

(4.94) 

* 

2.72 

(0.08) 

** 

2.40 47.30 

(1.32) 

** 

38.98 

(1.16) 

** 

Propionate (CM) 184.31 

(16.46) 

146.07 

(11.62) 

58.10 

(5.63) 

** 

2.72 

(0.07) 

** 

2.24 39.76 

(1.53) 

** 

31.51 

(0.53) 

** 

Tartrate (CM) 140.98 

(6.76) 

123.42 

(5.75) 

* 

50.43 

(1.36) 

** 

1.93 

(0.02) 

** 

2.30 40.89 

(0.79) 

** 

35.80 

(0.73) 

** 

Hydroxynaphthoate 

(CM) 

181.26 

(8.06) 

142.46 

(5.37) 

41.00 

(1.65) 

** 

4.21 

(0.01) 

** 

2.54 28.78 

(0.55) 

** 

22.62 

(0.36) 

** 

Sulphate (as 

supplied) 

184.26 

(9.30) 

155.06 

(9.91) 

70.30 

(4.94) 

** 

2.50 

(0.03) 

** 

2.24 45.33 

(0.73) 

** 

38.13 

(1.06) 

** 

Table 5.15 Calculated Aerodynamic Data for Ternary Formulations at 60 lmin
-1

 (* P < 0.05, 

** P < 0.01 with respect to the base) 

(Standard Deviations Shown in Brackets, n = 3) 

 

The emitted dose of the tartrate was significantly lower than for the base (P < 0.05). The 

FPD for all the salts was lower than for the base (P < 0.05 for acetate, P < 0.01 

otherwise). The MMAD of the tartrate was significantly lower than the base (P <0.01), 

and all the other MMADs were significantly higher than the base (P < 0.01). The 

FPF(ED) values of all the salts were significantly lower than for the base (P < 0.01). The 

FPF(RD) values of all the salts were significantly lower than for the base (P < 0.01). 
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Acetate had significantly high deposition in the throat, stage 1, and stage 2, and 

significantly lower deposition in stages 4, 5, and 6 when compared to the base. The FPD 

and FPF values for acetate were significantly lower than for the base and the MMAD 

was significantly higher. 

 

Propionate had significantly higher deposition in the throat and stage 1 and significantly 

lower deposition in stages 3, 4, 5, 6, and 7+8 than the base. The FPD and FPF values for 

propionate were significantly lower than for the base and the MMAD was significantly 

higher. 

 

Tartrate had significantly lower deposition in the device, and stages 2, 3, 4, and 7+8, and 

significantly higher deposition in the throat and stage 5 than the base. The ED, FPD, 

MMAD, and FPF values were all significantly lower than the base. 

 

Hydroxynaphthoate had significantly higher deposition in the throat, stage 1, and stage 

2, and significantly lower deposition in stages 3, 4, 5, 6, and 7+8 than the base. The FPD 

and FPF values for hydroxynaphthoate were significantly lower than for the base and the 

MMAD was significantly higher. 

 

Sulphate had significantly lower deposition in the device and stages 3, 4, 5, 6, and 7+8, 

and significantly higher deposition in the throat compared to the base. The FPD and FPF 

values for sulphate were significantly lower than for the base and the MMAD was 

significantly higher. 

 

5.3.2.4 Ternary Formulation Deposition at 30 lmin
-1

 

 

The deposition behaviour for the ternary formulation tests at 30 lmin
-1

, with respect to 

the recovered dose, is shown in figure 5.8 and table 5.16. 
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Figure 5.8 Normalised Drug Deposition in NGI for Ternary Formulations at 30 lmin
-1

 

(Error Bars Indicate Standard Deviation, n = 3) 

 

 

 

 

 

 

 

 

 

 

 

 



Rapid Preformulation Screening of Drug Candidates for Dry Powder Inhaler Preparation 

 

 

 – 240 – 

Chapter 5 – Dry Powder Inhaler Formulation and Assessment 

Material Percentage of Drug Recovered on the Respective NGI Stages 

 D/C Th/PS 1 2 3 4 5 6 7 + 8 

Base (CM) 31.94 

(4.34) 

40.82 

(1.71) 

1.27 

(0.47) 

2.93 

(2.87) 

4.75 

(1.40) 

10.59 

(2.09) 

5.42 

(0.63) 

1.40 

(0.14) 

0.89 

(0.26) 

Acetate (CM) 37.81 

(3.23) 

39.01 

(1.57) 

1.64 

(0.51) 

2.85 

(0.23) 

5.31 

(1.19) 

7.79 

(0.42) 

3.97 

(0.39)

** 

1.12 

(0.06) 

0.50 

(0.05) 

Propionate (CM) 27.22 

(4.20) 

56.82 

(2.24)

** 

1.19 

(0.21) 

0.86 

(0.12) 

1.87 

(0.30)

** 

5.49 

(0.79)

** 

3.52 

(0.25)

** 

2.43 

(2.16) 

0.60 

(0.22) 

Tartrate (CM) 16.19 

(1.81) 

** 

69.11 

(2.64)

** 

0.72 

(014) 

0.71 

(0.29) 

1.05 

(0.16)

** 

3.98 

(0.16)

** 

5.61 

(0.41) 

1.97 

(0.06) 

0.65 

(0.01) 

Hydroxynaphthoate 

(CM) 

43.13 

(1.81) 

** 

39.74 

(1.17) 

1.70 

(0.32) 

3.06 

(0.33) 

4.36 

(0.07) 

4.48 

(0.11)

** 

1.89 

(0.22)

** 

0.54 

(0.05) 

1.08 

(0.64) 

Sulphate (as 

supplied) 

24.24 

(1.82) 

56.02 

(1.05)

** 

1.01 

(0.13) 

1.16 

(0.04) 

3.46 

(0.21) 

7.15 

(1.25)

* 

4.78 

(0.06) 

1.34 

(0.13) 

0.82 

(0.24) 

Table 5.16 Normalised Drug Deposition in NGI for Ternary Formulations at 30 lmin
-1

 (* P < 

0.05, ** P < 0.01 with respect to the base) 

(Standard Deviations Shown in Brackets, n = 3) 

Device deposition was significantly lower for the tartrate than it was for the base (P < 

0.01). Device deposition was significantly higher for the hydroxynaphthoate than it was 

for the base (P < 0.01). 

 

The deposition behaviour for the ternary formulation tests at 30 lmin
-1

, with respect to 

the emitted dose, is shown in table 5.17. 
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Material Percentage of Emitted Drug on the Respective NGI Stages 

 Th/PS 1 2 3 4 5 6 7 + 8 

Base (CM) 60.26 

(6.50) 

1.84 

(0.61) 

4.19 

(3.99) 

6.92 

(1.72) 

15.50 

(2.37) 

7.94 

(0.46) 

2.05 

(0.07) 

1.29 

(0.33) 

Acetate (CM) 62.75 

(1.19) 

2.62 

(0.72) 

4.59 

(0.34) 

8.49 

(1.50) 

12.52 

(0.03) 

6.41 

(0.93) 

* 

1.81 

(0.13) 

0.81 

(0.12) 

Propionate (CM) 78.15 

(2.86) 

** 

1.63 

(0.21) 

1.18 

(0.11) 

2.57 

(0.33) 

** 

7.53 

(0.73) 

** 

4.84 

(0.07) 

** 

3.28 

(2.79) 

0.83 

(0.37) 

Tartrate (CM) 82.44 

(1.65) 

** 

0.86 

(0.18) 

0.85 

(0.35) 

1.26 

(0.21) 

** 

4.75 

(0.26) 

** 

6.70 

(0.58) 

2.36 

(0.08) 

0.78 

(0.01) 

Hydroxynaphthoate 

(CM) 

69.89 

(1.16) 

* 

3.00 

(0.60) 

5.39 

(0.60) 

7.67 

(0.13) 

7.89 

(0.10) 

** 

3.32 

(0.28) 

** 

0.95 

(0.08) 

1.88 

(1.07) 

Sulphate (as 

supplied) 

73.97 

(1.56) 

** 

1.34 

(0.19) 

1.53 

(0.08) 

4.57 

(0.17) 

9.42 

(1.46) 

** 

6.31 

(0.17) 

* 

1.77 

(0.21) 

1.08 

(0.30) 

Table 5.17 Normalised Emitted Drug Deposition in NGI for Ternary Formulations at 30 lmin
-1

 

(* P < 0.05, ** P < 0.01 with respect to the base) 

(Standard Deviations Shown in Brackets, n = 3) 

 

Significant differences between the base and the other formulations are fewer than at 60 

lmin
-1

 suggesting that reducing the energy input does not in fact help to clarify 

differences but reduces them. 

 

The calculated results for the ternary formulation tests at 30 lmin
-1

 are shown in table 

5.18. 
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Material RD 

(μg) 

ED 

(μg) 

FPD 

(μg) 

MMAD 

(μm) 

GSD FPF(ED) 

(%) 

FPF(RD) 

(%) 

Base (CM) 225.46 

(14.49) 

153.11 

(6.31) 

44.37 

(5.60) 

3.23 

(0.27) 

2.03 28.98 

(3.61) 

19.82 

(3.57) 

Acetate(CM) 206.32 

(13.25) 

128.36 

(11.66) 

31.53 

(2.06) 

* 

3.71 

(0.23) 

2.06 24.60 

(0.67) 

15.29 

(0.43) 

Propionate (CM)  223.72 

(12.39) 

162.72 

(11.35) 

26.97 

(6.35) 

** 

2.92 

(0.30) 

2.22 16.45 

(2.65) 

** 

12.02 

(2.45) 

** 

Tartrate (CM) 180.43 

(6.92) 

151.29 

(8.44) 

21.60 

(1.71) 

** 

2.53 

(0.12) 

2.14 14.29 

(1.02) 

** 

11.97 

(0.71) 

** 

Hydroxynaphthoate 

(CM) 

196.37 

(7.28) 

111.75 

(7.48) 

* 

20.13 

(3.43) 

** 

4.04 

(0.47) 

* 

2.42 17.95 

(2.00) 

** 

10.22 

(1.36) 

** 

Sulphate (as 

supplied) 

199.74 

(15.42) 

151.39 

(13.40) 

30.00 

(4.69) 

* 

3.01 

(0.08) 

2.08 19.73 

(1.44) 

** 

14.96 

(1.37) 

Table 5.18 Calculated Aerodynamic Data for Ternary Formulations at 30 lmin
-1

 (* P < 0.05, 

** P < 0.01 with respect to the base) 

(Standard Deviations Shown in Brackets, n = 3) 

 

The ED of the hydroxynaphthoate was significantly lower than that of the base (P < 

0.05). The FPDs of all the salts were significantly lower than that of the base (P < 0.05 

for acetate and sulphate, P < 0.01 otherwise). The MMAD of the hydroxynaphthoate 

was significantly higher than that of the base. The FPF(ED) values of all the salts except 

the acetate were significantly lower than for the base (P < 0.01). The FPF(RD) values of 

the propionate, tartrate, and hydroxynaphthoate were significantly lower than that of the 

base (P < 0.01). 
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Acetate had significantly lower deposition in stage 5 when compared to the base. The 

FPD value for acetate was significantly lower than for the base. 

 

Propionate had significantly higher deposition in the throat and significantly lower 

deposition in stages 3, 4, and 5 than the base. The FPD and FPF values for propionate 

were significantly lower than for the base. 

 

Tartrate had significantly higher deposition in the throat and had significantly lower 

deposition in stages 3, and 4 than the base. The FPD and FPF values for tartrate were 

significantly lower than for the base. 

 

Hydroxynaphthoate had significantly higher deposition in the throat and had 

significantly lower deposition in stages 4, and 5 than the base. The ED, FPD, and FPF 

values for hydroxynaphthoate were significantly lower than for the base and the MMAD 

was significantly higher. 

 

Sulphate had significantly higher deposition in the throat and had significantly lower 

deposition in stages 4, and 5 than the base. The FPD and FPF(ED) values for sulphate 

were significantly lower than for the base. 

 

The deposition data at 30 lmin
-1

 showed broadly similar trends to the deposition data at 

60 lmin
-1

. The calculated aerodynamic data also showed broadly similar trends at both 

flow rates but because the differences were typically reduced, the 30 lmin
-1

 data did not 

help to differentiate between the salts. 
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5.4 Summary of Impactor Testing 

 

The fine particle delivery of the different salt forms of salbutamol prepared in binary 

formulations DPI varied significantly from 31 μg to 77 μg and 27 % to 46 % FPF(ED). 

Similarly, ternary formulations tested at 60 lmin
-1

 resulted in significant variation in the 

FPD from 41 μg to 85 μg and the FPF(ED) ranged from 29 % to 56 %. 

 

In all the tests carried out, the following general trends were observed: 

 

1) The tartrate salt showed the lowest MMAD but performed poorly overall. 

2) The base, acetate, and sulphate consistently performed much better than the other 

materials. 

3) The hydroxynaphthoate salt exhibited the worst performance. 

 

Comparing data from the binary formulations to that from the ternary formulations 

tested under the same flow conditions (60 lmin
-1

) did not show any clear trends to 

differentiate between the drug formulations. In each case, performance was enhanced by 

the addition of fines but the relative enhancement was variable. The base and the tartrate 

performance increased the most upon the addition of fines, with the base being one of 

the best performers in a binary formulation. Conversely, acetate, which performed well 

in the binary formulation, showed a very small increase in performance upon the 

addition of lactose fines. 

 

Comparing data from the ternary formulations tested at different flow rates also failed to 

show any simple trend. The biggest decrease in performance was seen with the tartrate – 

a poor performer and the second biggest decrease was observed with the sulphate – one 

of the better performers at the higher flow rate. The smallest decrease in performance 

was seen with the hydroxynaphthoate. 
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With respect to rapid, preformulation screening, a simple aerosolization test of the un-

formulated micronized drug forms could be used as a promising indicator of their 

ultimate performance. Whilst the testing of the un-formulated material in this study was 

carried out in some detail with an MSLI, this test could probably be replaced with 

something simpler such as a twin stage impinger (Hickey 1992) or a fast analysis using 

an adapted low angle laser light scattering system (de Boer, et al. 2002). 

 

5.5 Summary 

 

Formulations of salbutamol base and its salts were prepared for impactor testing. The 

formulations were found to have acceptably even distributions of the active 

pharmaceutical ingredient throughout the matrix and thus suitable for in vitro impactor 

testing. 

 

The impactor testing successfully differentiated between the salbutamol salts in terms of 

the aerosolization performance and allowed the different salts to be ranked. These in 

vitro analyses were used to examine the performance of DPI formulations in detail, and 

highlight the need to determine the properties of the API that influence the in vitro 

performance. These relationships are discussed in chapter 6. 
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6 – General Discussion 
 

6.1 Introduction 

 

The characteristic properties of salbutamol base and five of its salts were determined by 

a variety of analytical techniques. Furthermore, the characteristic cohesive adhesive 

force balances of the interaction of the base and the different salt forms with respect to 

α-lactose monohydrate were determined by colloid probe atomic force microscopy. The 

fine particle deliveries of the base and different drug salt forms were measured. Possible 

relationships between the physicochemical characteristics of the active ingredients and 

the performance of carrier-based dry powder inhaler formulations were analysed. 

 

In chapter 2, the salts of salbutamol were manufactured, assessed for purity, and their 

crystal structures determined. The crystal structures were analysed with respect to the 

dominant surfaces of the crystals and the possible effects of differences between these 

surfaces examined. 

 

In chapter 3, the base and salts of salbutamol were micronized for inclusion in dry 

powder inhaler formulations. The possible effects of differences in Young‟s modulus 

upon this preparation were examined and the suitability of the processed drug materials 

for inhalation was confirmed. 

 

In chapter 4, the cohesive-adhesive force balances of salbutamol base and the salts were 

measured with respect to α-lactose monohydrate and their possible influence on 

formulation preparation and performance discussed. Further to this, in chapter 5, binary 

and ternary formulations containing the different salt forms of salbutamol were prepared 

and tested. 
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6.2 Assessment of Possible Relationships Between 

Formulation Performance and Preformulation 

Parameters 

 

6.2.1 Surface Chemistry 

 

Surface chemistry (excluding salbutamol tartrate) was assessed qualitatively in chapter 2 

in terms of the polarity of the chemical moieties present on the surface. The surface of 

the dominant face of lactose is characterised by the presence of polar groups that may 

interact more strongly with another polar surface than with a non-polar surface. The 

dominant growth face of salbutamol base appeared to be the most non-polar surface of 

the drug forms tested and was one of the better performing drug forms. In contrast, 

however, the most polar dominant crystal face was the acetate, which was also one of 

the better performing drug forms. 

 

Due to the qualitative nature of these assessments, it is difficult to determine a definitive 

relationship between surface chemistry and performance, but there is a suggestion that 

the surface chemistry may not dominate formulation performance. 

 

Jashnani and Byron (1996) showed that changing the salt form of salbutamol could 

affect DPI performance in response to an environmental challenge such as increasing 

humidity. However, their assessment did not investigate changes in surface chemistry. It 

seems likely from data presented in this study that there may have been differences in 

the surface chemistry of the salts studied by Jashnani and Byron, but it is not clear if this 

would be significant. 
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6.2.2 Young’s Modulus 

 

Young‟s modulus is known to affect milling properties of active pharmaceutical 

ingredients (Taylor, et al. 2004c) and may affect the resuspension properties of particles. 

However, no clear relationship was established between the Young‟s modulus of the 

salts and formulation performance. Only the acetate had a significantly different value 

for Young‟s modulus when compared to the base. It may be that the materials were all 

too similar in terms of their relative stiffness. Furthermore, since the particle size of the 

starting materials was relatively small, it was relatively simple to reduce the particles to 

an inhaleable size range. With a coarser particle size of the unmilled materials, Young‟s 

modulus play an important role in determining whether the material could be suitably 

size-reduced in a single pass through a micronizer. 

 

6.2.3 Drug Particle Morphology 

 

Drug particle resuspension from the surface of a carrier particle has been shown to be 

affected by particle morphology (Young, et al. 2002; Adi, et al. 2008). Thus the gross 

morphology of the micronized drug particles could have significant effects upon several 

aspects of formulation and performance. 

 

The cohesive force between interacting particles is proportional to the contact area 

between the particles. Spherical particles with lower contact areas to excipient surfaces 

may be easier to disperse than particles with larger contact areas. Similarly, 

agglomerates of drug in a formulation may be more easily dispersed if they have a lower 

cohesion. 

 

Salbutamol tartrate performed poorly upon formulation due to very high deposition in 

the throat/pre-separator of the Next Generation Impactor. Deposition here was probably 

caused by the tartrate particles remaining attached to the carrier lactose. The scanning 
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electron micrograph of salbutamol tartrate (figure 3.12) indicated that the aspect ratio of 

the particles was higher than for the other salts tested, possibly leading to a higher 

contact area with the lactose carrier particles and increased particle adhesion. 

 

Large contact areas between particles in DPI formulations could produce relatively large 

inter-particle forces, either cohesive, adhesive, or both. These large forces might reduce 

aerosolization of the drug particles and thus produce poor performance. This possible 

reduction in performance could not be predicted by cohesive adhesive balance analysis, 

because only the ratio of the forces is considered, not the absolute magnitude. 

 

The aspect ratio of candidate drugs for DPI formulation can be quickly and easily 

assessed by SEM. Mechanised systems such as the QICPIC (Sympatec GmbH, 

Clausthal-Zellerfield, Germany) can rapidly determine particle shape characteristics 

such as aspect ratio and sphericity in three dimensions, however, their accuracy when 

used for micronized materials may be limited. Numerical, two-dimensional assessment 

can be achieved easily using automated microscopy equipment such as the Morphologi 

G3 (Malvern Instruments, Malvern, UK). 

 

6.2.4 Hydrophobicity 

 

Table 3.8 gives a calculated value for the hydrophobicity of salbutamol base and each of 

the salts tested. The three best performing drugs (base, acetate, and sulphate) have the 

lowest, highest and an intermediate value for hydrophobicity as calculated here. It 

therefore appears that there is no relationship between DPI formulation performance and 

the degree of hydrophobicity (as determined in chapter 3). 

 

The changes in DPI performance seen by Jashnani and Byron (1996) when studying 

different salts of salbutamol may have been associated with the different 

hydrophobicities of the counterions they employed. Since they deliberately tested their 
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formulations under relative humidities varying from 50 – 94 %, the interaction between 

the drug salts and water vapour may have influenced the formulation performance. Their 

results may indicate that at high humidities, hydrophobicity does become an important 

factor with respect to formulation performance. This was not examined in this study 

 

6.2.5 Cohesive Adhesive Balance 

 

Plotting the fine particle dose (FPD) versus the cohesive adhesive balance (CAB) values 

for the binary and ternary formulations at 60 lmin
-1

 (figures 6.1 and 6.2, respectively) 

showed a strong correlation between increasing FPD as the CAB tends towards 

becoming less adhesive to lactose (i.e. CAB values tending towards 1.0). The same trend 

was observed when plotting the fine particle fraction against CAB (plot not shown). 
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Figure 6.1 Fine Particle Dose versus Cohesive Adhesive Balance for Binary Formulations 

(Error Bars Indicate Standard Deviation, n = 3) 
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Figure 6.2 Fine Particle Dose versus Cohesive Adhesive Balance for Ternary Formulations at 

60 lmin
-1

 

(Error Bars Indicate Standard Deviation, n = 3) 

 

The correlation is better for the binary formulations than for the ternary formulations. 

This could be because the CAB analysis more closely models the simpler interactions 

(drug-drug and drug-carrier) in a binary formulation than those in a ternary formulation 

(drug-drug, drug-carrier, drug-fines, fines-fines). 

 

Since the correlation between CAB and formulation performance is reduced on going 

from a binary to a ternary formulation, the manner in which the addition of fines alters 

the inter-particle interactions is of interest. Many studies have been carried out in this 

area that have given rise to different theories as to the mechanism by which fines 
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improve the performance of DPI formulations (Hersey 1975; Lucas, et al. 1998; Islam, 

et al. 2004). 

 

The trends established here are supported by earlier work (Hooton, et al. 2006; Jones, et 

al. 2008b) that examined varying the excipient or the active pharmaceutical ingredient in 

a DPI formulation. These earlier studies indicated that as CAB values increased towards 

1, formulation performance improved. This appears to be the case when the variable 

under study is the salt form of the active pharmaceutical ingredient. 

 

6.2.6 Unformulated Drug Performance 

 

The performance trend observed by impactor testing of the unformulated, micronized 

drug was similar to that of the ternary formulations. Base, acetate, and sulphate all 

performed much better than propionate, tartrate, and hydroxynaphthoate in the impactor 

tests. 

 

6.3 General Conclusions 

 

No predictive relationship was established between the results of analyses of relatively 

simple, individual characteristics e.g. Young‟s modulus, surface chemistry. Given the 

complexity of the inter-particle interactions in dry powder inhaler formulations, it is not 

surprising that simple analytical tests, focussing on specific properties do not relate well 

to the ultimate performance of an active pharmaceutical ingredient (API) when 

formulated. 

 

Where a predictive relationship was established, a simple model was used i.e. 

aerosolization of the drug alone or the balance of forces between drug and lactose. 

Aerosolization of an unformulated, micronized drug is a relatively simple and rapid test 
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of a complex operation and appears to offer a useful method of predicting the final, 

formulated performance without providing any information about the underlying 

mechanisms. 

 

In the aerosolization of drug alone testing, the only variable was the micronized drug 

particles. For the cohesive adhesive balance (CAB) measurements, model surfaces were 

used in combination with micronized drug particles. It may be concluded that the 

physical nature of the inter-particle interactions involving the micronized drug are key to 

understanding and predicting the performance of dry powder inhaler formulations rather 

than an understanding of the individual chemical parameters that combine to produce the 

final interaction. 

 

CAB analysis for materials that exhibit cohesive behaviour (CAB ratio < 1.0) also offers 

a method of predicting the performance of APIs for DPI formulation. Whilst the 

technique has been improved, both in terms of the speed of the acquisition of CAB data 

and data quality, production of suitably smooth substrates remains a pre-requisite for 

accurate CAB measurements. The use of a suitable material, such as highly oriented 

pyrolytic graphite, was shown to provide a possible reference surface, which could allow 

the direct measurement of the relative affinity of the drug materials to the excipient 

surfaces. These measurements also predicted the functionality of the binary and ternary 

formulations. 

 

These physical interactions have successfully been modelled by aerosolizing the 

micronized drug alone and by the cohesive adhesive balance technique of colloid probe 

atomic force microscopy. Both of these techniques may be considered as suitable 

preformulation tools in dry powder inhaler formulation development, though neither 

may currently be considered as rapid techniques. 
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6.4 Further Work 

 

The limiting factor in the use of the CAB approach as a rapid preformulation screening 

tool is the controlled growth of smooth-faced crystals of the API to act as the substrate 

in the measurement of the cohesive forces. Production of suitable substrates for the 

adhesive measurements is also time consuming, but this substrate can be re-used many 

times. 

 

Growth of these smooth crystals can take many weeks, with no guarantee of success. An 

investigation into alternative production of substrates with better reliability and at higher 

speed would be of merit. Two possibilities are the use of compacted crystals or growth 

of a thin film onto a suitable supporting medium. 

 

Preparation of compacts has been studied previously (Harris 2006) but they were found 

to be inferior to smooth crystals because the compacts were not smooth enough to give 

reproducible CAB results. A further preparation stage such as heating the compacts 

might improve the smoothness to an acceptable level. 

 

Growth of a smooth, thin film could be achieved by pouring a solution of the API onto a 

rapidly spinning disc under controlled temperature and humidity. 

 

The nanoindentation work in this study was inconclusive. Increasing the data available, 

both in terms of the number of APIs, and the analyses carried out would help to 

determine of how much significance Young‟s Modulus is in preformulation. 

 

Simplification of the drug-only aerosolization test using a twin stage impinger (Hickey 

1992) or modified TSI, with the second stage replaced by a filter, allowing for 

gravimetric analysis of the fine particle dose is a promising area. Alternatively, use of an 

adapted laser diffraction system to analyse the aerosol generated (de Boer, et al. 2002) 

could be further developed. The correlation of particle size distribution throughout the 
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lifetime of a DPI plume with the in vitro deposition is known to be of interest to the 

manufacturers of particle sizing equipment and is likely to be an area of significant 

investigation in the near future. 
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