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Abstract 

Fatima Aloum 

Investigation to Identify the Influence of Mannitol as a Carrier on the Ex-Vivo 

Dose Emission and the In-Vitro Aerodynamic Dose Emission Characteristics of 

Dry Powder Inhalers of Budesonide 

Keywords: Surface energy, ex-vivo, in-vitro, aerodynamic characteristics, 

crystallisation, mannitol, budesonide, dry powder inhalers 

This study provides, for the first time, an ex vivo comparative evaluation of 

formulations of budesonide with crystallised β-form mannitol, commercial DPI 

grade mannitol and lactose. The lactose-budesonide was the marketed 

Easyhaler® 200 g formulation. Ex vivo assessment of deposition using the 

Easyhaler® multi-dose high resistance inhaler with reservoir was compared with 

the RS01® single dose capsule low resistance inhaler at two different inhalation 

rates. Aerodynamic characteristics, flow and surface energies were investigated 

together with in vitro and ex vivo assessment of drug deposition. Dose emission 

was greater for all formulations with higher inhalation flow, indicating greater 

detachment of drug from carrier, and greater with the Easyhaler®, highlighting 

the importance of correct device for formulation. Emission was lowest at both 

inhalation rates for crystallised mannitol due to poor flowability associated with 

elongated particle shape which resulted in interception deposition. Surface 

energies were also implicated; closely matched polar surface energy of carrier 

and drug may be an important inhibiting factor. The promising aerodynamic 

characteristics of crystallised mannitol with the RS01® inhaler and lactose-

budesonide from in vitro assessment were not supported by ex vivo results, 

highlighting the need for careful selection of device. 
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Chapter 1 General Introduction 
 

1.1 Overview 

Asthma is a common chronic lung disease estimated to affect 2% to 6% of the 

population worldwide (Stanojevic et al. 2012). It is a heterogeneous disease 

(Divekar and Calhoun 2014), the pathogenesis and treatment of which are not 

yet fully understood (Carr and Bleecker 2016). The recommended treatment 

includes the use of inhaled corticosteroids (ICS), typically budesonide, as one 

element of a stepwise approach to therapy, according to Scottish Intercollegiate 

Guidelines Network (SIGN) and the British Thoracic Society (BTS) (2016). 

Pulmonary route delivery of active pharmaceutical ingredients (APIs) has 

attracted growing importance and interest in recent years (Nokhodchi and 

Martin 2015). Investigation of its potential for both local and systemic therapy 

has been undertaken (Mrsny 2012). 

The search for new drugs to treat asthma is accompanied by the pursuit of 

improvements to existing therapies, such as the design of dry powder inhalers 

(DPI) and formulation (Hoppentocht et al. 2014). Improvements have increased 

the percentage of API deposited in the lung from below 10% to almost 50%, 

which means that half the dose still fails to reach its target (Rogueda and Traini 

2016). The therapeutic effect of a drug is related to its concentration at the site 

of action (Holford 2018). In DPIs, this depends on the drug formulation, inhaler 

device and patient’s breathing technique (Pilcer et al., 2012). The patient’s 

inhalation flow interacts with the resistance inside the DPI to generate a 

turbulent energy which disintegrates the powder formulation into an emitted 

dose containing fine particles with the required size <5µm. Many different 

disintegration principles exist with varied efficiency level depending on the 

resistance and design of inhaler device (Chrystyn, 2003, Srichana et al. 1998). 

Formulation properties are determined by the physicochemical properties of the 

carrier: particle size, shape, morphology, surface area, roughness, density 

(Telko and Hickey, 2005) and associated forces of drug-to-carrier adhesion and 

drug-to-drug cohesion (Kaialy et al. 2012a; Peng et al. 2016). Carrier particles 

can help to reduce cohesion of powder, in addition to improving aerosolisation 

and flow (Louey et al., 2004; Telko and Hickey, 2005; Jones et al., 2010) but 

typically require engineering to achieve desired formulation properties (Kaialy et 
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al., 2010). Particle size engineering affects the properties of carrier and 

formulation (Jones and Price, 2006).  

Choice of carrier affects flowability (Momin et al., 2011), lung deposition and 

respirable fractions (RF%) (Harjunen et al. 2003). Existing research into 

alternative carriers indicates that mannitol is the most promising due to its 

relatively elongated morphology and smaller volume mean diameter (VMD) 

(Tee et al. 2000; Larhrib et al. 2003; Nokhodchi and Larhrib, 2013; Rahimpour, 

Kouhsoltani and Hamishehkar 2014; Kaialy and Nokhodchi 2015). However, 

more elongated particles and higher electrostatic charge were associated with 

less homogenous distribution and poorer flowability of budesonide and mannitol 

formulation (Kaialy and Nokhodchi, 2016). Results vary with morphology and 

electrostatic charge of active pharmaceutical ingredient (API) and carrier. The 

polymorphism of mannitol is deemed unusually complex (Kett et al. 2003) and 

thus further investigation into its physicochemical and micromeritic properties is 

needed in order to provide the starting point for analysis of the carrier prior to 

selection of an API and drug delivery device.  

The effect of electrostatic charge on flowability is influenced by processing 

(Karner and Urbanetz, 2013; Grasmeijer et al., 2013; Kaialy, 2016). Changes in 

surface area and energy produced by processing affect formulation and 

performance. Net charge is determined by complex interactions of the effects of 

carrier particle size, presence of fine particles and drug content (Karner and 

Urbanetz, 2013). Cline and Dalby (2002) compared in vitro performance of 

blends of two APIs and four carriers (including mannitol) and identified that 

higher surface energy interaction between drug and carrier was strongly 

associated with higher fine particle fraction (FPF) and in vitro performance. 

Schueller (2005) found that whilst this applied for salbutamol sulphate, there 

was no such relationship for beclomethasone dipropionate, irrespective of 

carrier, which highlighted the role of surface energy of the API. Comparison of 

formulations of four APIs (including budesonide) and four carriers (including β-

form D-mannitol) associated the highest FPF with lower surface energy of 

carrier and less API-carrier interaction, facilitating detachment of API (Jones et 

al., 2008). Results for budesonide fitted less well than other drugs, so were 

omitted from the conclusion and attributed to high cohesive drug-carrier ratio. 

Results for one API cannot be extrapolated to another with differing polar and 
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dispersive energies. Surface energies of each formulation must be optimised to 

ensure appropriate drug release and deposition.  

Characterisation in the preformulation stage is therefore of the utmost 

importance, using a range of techniques to analyse the material, including 

powder X-ray diffraction (PXRD), differential scanning calorimetry (DCS) and 

thermogravimetric analysis (TGA). Inverse gas chromatography (IGC) enables 

characterisation of surface energies of each crystalline form, while dynamic 

vapour sorption (DVS) provides necessary data on the hygroscopicity of all 

polymorphic forms of the chosen carrier material. Consideration must be given 

to the effect of particle engineering on the surface characteristics and other 

properties which influence API deposition. Thorough investigation of the 

preformulation of solid-state phase intended for use with DPI comprising 

microparticles of carrier and API enables selection of the most suitable mannitol 

polymorph for use as a carrier for budesonide. 

Pulmonary drug delivery requires integration of device and formulation through 

the combination of interparticulate forces in the formulation, dispersion forces 

produced jointly by the device and inspiration effort, and deposition forces 

(Hoppentocht et al., 2014). Dispersion forces produced by device resistance 

and design influence aerosolisation and deposition; each device has a unique 

relationship between flow rate and pressure drop. Some studies have identified 

an optimal breathing pattern, such as Kondo et al. (2017), while others have 

found that dose delivery significantly differs with inhalation flow for some, but 

not all, delivery systems (Buttini et al., 2016). Whilst in vitro assessment of 

emitted dose is conducted by drawing 4.0 L of air through the inhaler at a 

pressure drop of 4 kPa (USP 37-NF32, Chapter 2014, Ph.Eur. 2015), ex-vivo 

studies more closely reflect breathing patterns than constant flow in-vitro 

assessments (Abadelah 2018). Individuals’ inspiratory flow rates through an 

inhaler can be assessed with the In-Check DIAL® tool. This enables ex-vivo 

results from healthy volunteers using a straightforward procedure (Yakubu, 

2009) to help determine which device-formulation is most suitable for patients. 

Some previous studies have demonstrated better performance with mannitol 

but have used drug-carrier ratio very different from marketed formulations, or 

freeze- or spray-dried mannitol, or different APIs (e.g. Momin et al. 2011; Kaialy 

and Nokhodchi 2016; Molina et al. 2018). The present study examined whether 

the properties of mannitol and aerosolisation performance could be improved by 
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a simple cheap crystallisation and milling process rather than advanced and 

expensive techniques such as freeze drying, using a drug:carrier ratio (1:67.5) 

typical of treatments available on the market and an ex-vivo assessment more 

closely reflecting the inhalation manoeuvres of real patients. Comparison of 

lung deposition using different devices was performed with a formulation 

containing commercial DPI grade mannitol, conventionally crystallised mannitol 

and with marketed lactose-budesonide.  

1.2 Hypothesis 

It has been shown that the properties of mannitol can be enhanced by 

recrystallisation technique to improve delivery to the lung of salbutamol sulphate 

(Kaialy et al. 2010a) and by freeze drying to enhance delivery of budesonide 

(Kaialy and Nokhodchi 2016). However, the major limitation of these studies is 

that they only used one type of inhaler, low-resistance inhaler with a single-dose 

capsule. Also they have used very different drug-carrier ratio from marketed 

formulations (e.g. Momin et al. 2011; Kaialy and Nokhodchi 2016; Molina et al. 

2018). 

Size, shape and rough surface of carrier particles greatly affect DPI 

performance, as does the addition of fine particles to coarse particles (Peng et 

al. 2016). These properties and their effect can be altered and optimised by 

milling, recrystallisation and by finding the most appropriate blend of fine and 

coarse particles. 

It is therefore hypothesised that delivery of budesonide to the lung could be 

enhanced by identifying optimal crystallisation and engineering parameters of 

mannitol, in addition to the proportions of fine and coarse particles, and the 

appropriate DPI device. 

In the present work, two different types of dry powder inhalers (DPIs) were used 

to evaluate the ex vivo and in vitro performance of a budesonide inhaled 

formulation with recrystallised mannitol, commercial DPI-grade mannitol, or 

lactose as a carrier at two different flow rates (i.e., 30 and 60 L/m for the ex vivo 

test) using a drug:carrier ratio (1:67.5) typical of treatments available on the 

market. The DPI devices were Easyhaler®, which is a high-resistance, and 

RS01®, which is a low-resistance inhaler. In addition, the performance of a 

marketed formulation of lactose-budesonide was assessed using its original DPI 

device (i.e., Easyhaler® 200 g) and the RS01® inhaler.  
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1.3 Aims and objectives 

Aims 

The aims of this study were to:   

• Enhance performance of mannitol as a carrier through crystal engineering and 

characterisation of particles  

• Evaluate aerodynamic dose emission characteristics of dry powder 

formulations of budesonide with crystallised mannitol, with and without added 

fine particles  

• Measure using ex vivo methodology: 

• the effects of inhalation flow on the total dose emission; and 

• differences in the emitted dose due to the addition of fine particles; and 

• Evaluate the delivery performance of two dry powder inhalers, Easyhaler® 

and the RS01® 

Objectives 

The objectives were to:  

• Determine by in-vitro methods the micromeritic properties of engineered 

crystals of mannitol polymorphs 

• Determine by in-vitro methods the aerodynamic properties of dry powder 

formulations of budesonide with 

• Determine the aerodynamic performance of dry powder formulations of 

budesonide with recrystallised mannitol, commercial DPI-grade mannitol or 

lactose as carrier, using Next Generation Impactor (NGI)  

• Determine using the In-Check DIAL® the ex vivo emitted dose of dry powder 

formulations of budesonide with recrystallised mannitol, commercial DPI-grade 

mannitol or lactose as carrier using two devices, the Easyhaler® (high 

resistance) and RS01 (low resistance) DPIs following one and two inhalations at 

slow (30 Lmin-1) and rapid (60 Lmin-1) inhalation flow rates performed by 

healthy volunteers. The performance of a marketed formulation of lactose-
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budesonide will be assessed using its original DPI device (i.e. Easyhaler® 200 

g) and the RS01® inhaler. 

1.4 Thesis structure 

The thesis consists of seven chapters. The first chapter provides a general 

overview of the topic and sets out the previous studies of mannitol and 

formulations of budesonide and carrier, and in-vitro and ex vivo methods for 

assessing drug deposition in the lung.  

Chapter 3 gives details of the materials and equipment used, including 

equipment used in analysis, while Chapter 4 describes crystal engineering of 

mannitol to enhance a carrier for dry powder, covering the crystallisation and 

characterisation of mannitol polymorphs, followed by particle size reduction of 

mannitol beta. Results of analysis of each stage are presented including powder 

X-ray diffraction (PXRD) after milling and after inverse gas chromatography 

(IGC), as well as the analysis of surface energies. 

Chapter 5 gives particulars of dry powder formulation of budesonide with 

crystallised mannitol beta carrier. Morphology and surface energy of formulation 

particles are described together with determination of the in-vitro aerodynamic 

particle size distribution as measured with a next generation impactor (NGI).  

Chapter 6 describes the measurement of the ex vivo dose emission of the five 

different budesonide formulations DPIs with the aid of the In-Check Dial® using 

healthy volunteers at slow (30 Lmin-1) and fast (60 Lmin-1) inhalation flows 

following one inhalation and comparing performance of Easyhaler® and RS01 

inhaler.  

Chapter 7 then provides a general discussion and conclusion. 
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Chapter 2 : Literature review 
 

2.1 Budesonide 

The second step in management of chronic asthma involves treatment with ICS, 

typically budesonide. Budesonide belongs to a group of synthetic glucocorticoid 

steroids which are related to cortisol or hydrocortisone which is produced 

naturally in the adrenal gland. Corticosteroids reduce inflammation in the airway 

via several mechanisms of action. They act on glucocorticoid steroid receptors 

to change the transcription and translation of mRNA, which in turn reduces the 

synthesis of new protein. They enter cells and attach to receptors in the 

cytoplasm, forming part of a glucocorticoid-receptor which transports them to 

the nucleus where they interact with DNA to affect gene expression and thus 

influence mRNA and protein encoding (Barnes and Adcock 2003; Sobande and 

Kercsmar 2008). 

Glucocorticoids also inhibit cytokine production, in particular interleukins IL-4 

and IL-5, and the associated release in the lungs of pre-inflammatory 

prostaglandins and leukotrienes (metabolites of arachidonic acid). In addition, 

they stimulate production of lipocortin which results in further anti-inflammatory 

action (Rang et al. 2016). Budesonide is considered to be the safest 

corticosteroid in terms of side effects and low systemic effects. 

2.2 Pulmonary drug delivery  

The respiratory system comprises two main zones, the conducting zone and the 

respiratory zone. The conducting zone transports air in and out of the lungs, to 

and from the respiratory zone where the gas exchange takes place. The 

physical structure of the respiratory system consists of an upper and lower 

respiratory tract. The upper respiratory tract system consists of the nose, 

pharynx and larynx, while the lower tract comprises the trachea, bronchi, and 

the lungs with their component structures, the bronchioles and alveolar ducts 

and sacs.  

In the upper respiratory tract, air is filtered and pollutants are trapped in the 

nasal cavity, before it is warmed and humidified in the pharynx. When it reaches 

the lower respiratory tract, the air passes through the trachea which divides into 

two bronchi connected to the lungs. The bronchi divide into smaller passages 

called bronchioles which continue to divide and become smaller as they reach 
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further into the lung. The alveoli (the narrowest airways) have a diameter of 

approximately 200 to 500 microns (Saladin 2011). The lining of the bronchioles 

consists of pseudostratified ciliated epithelial cells which secrete mucus that 

helps to trap foreign particles while the cilia, tiny hairlike structures, help to 

brush away the particles. At the deepest level, air is conducted through the 

terminal bronchioles, where it leaves the conducting zone, and enters the 

respiratory bronchioles. These lead through the alveolar ducts to the sacs 

where the exchange of oxygen and carbon dioxide takes place (Shaw 2005).  

The pulmonary route offers specific advantages conferred by physiological 

features of the lung: exceptionally large surface area of around 100m2 for 

dispersion of drugs with estimates ranging from 78 m2 used in software 

modelling (Guha et al. 2014) to 100 m2 as a default area in simulation (Chen 

and Chen 2016) to 130 m2 (Weibel 2009), with much of the variation attributable 

to the inhalation state and possibly the health of the lung. The lung also has an 

exceptionally thin alveolar epithelium, capacity for solute exchange and large 

epithelial surface area, and plentiful blood supply (Scheuch et al. 2006), 

although optimal breathing is required for effective delivery (Siekmeier et al. 

2008a). These features indicate the potential of the pulmonary delivery route for 

treatment of systemic disorders (Siekmeier et al. 2008b) as well as respiratory 

diseases (Marianecci et al. 2011). 

However, API deposition behaviour in the lung is dependent on a variety of 

physical and chemical key factors as well as physiological patient 

characteristics. These include type of device used, particle size of API and 

carrier used for transport to the deposition site (Paranjpe and Müller-Goymann 

2014), carrier particle morphology (Kaialy et al. 2011), stability of the 

substances (Buttini et al. 2012), dispersibility of API, potential interactions 

between API and carrier (Le at al. 2012), API chemical properties, and speed 

and duration of the action. 

Pulmonary delivery of APIs requires complex drug delivery systems (DDSs) 

involving consideration of several interdependent factors: API physico-chemical 

properties, route of administration and drug release mechanism, drug property, 

excipients and/or carriers, targeting ability, and the nature of any device 

employed. For delivery via the pulmonary route, there exist three basic types of 

device: nebulisers, metered dose inhalers (MDIs) and DPIs, each of which has 

a number of models and variations. Each device forces careful consideration of 
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the physicochemical and micromeritic properties of solid-state formulation in 

order to assure optimum therapeutic performance of DDS. 

2.3 Method of engineering particles for pulmonary delivery 

The manufacturing of DPI carrier-based powders generally involves a number 

of steps such as the production of drug and carrier particles in a suitable size 

range by methods such as crystallisation, sieving, milling, spray-drying and 

freeze-drying among others. Components then require mixing with optimised 

parameters and suitable blending conditions. Moreover, the surface properties 

of particles may require modification in order to improve aerosol performance 

and therapeutic performance (Pilcer, Wauthoz and Amighi 2012). Engineering 

processes can alter morphology which in turn alter properties that affect 

aerosolization and deposition in the deep lung (Telko and Hickey 2005). 

Spray drying is used to produce most commercially available lactose (Edge et 

al. 2008). Spray-drying converts a liquid feed in the form of a suspension, 

colloidal dispersion or solution, to dried particles by atomising the liquid which is 

then swiftly evaporated in contact with hot gas. Suspensions, unlike solutions, 

can preserve the crystalline form. The process is controlled by varying the 

drying-gas medium, gas humidity, gas flow rate, inlet and outlet temperatures 

and contact time, in addition to the nozzle size and the concentration of the 

liquid feed. Lower concentration has been associated with smaller particles 

which have thinner shells. Atomisation, in combination with cyclone separation 

of particles, helps to achieve a narrower particle size distribution (Elverson et al. 

2003). However, lactose particles modified in this way usually exhibit a 

heterogeneous surface, thus have heterogeneous morphology and energy 

distribution which implies variations among batches as well as suppliers (Edge 

et al. 2008). 

2.3.1 Air jet milling 

Particle-size reduction is achieved by micronisation through processes such as 

fluid-jet milling and ball milling, which involve impact, compression and shear 

force. Air jet milling uses a high speed jet of compressed air to cause particles 

to collide and these collisions result in size reduction. Particles of the desired 

size leave the mill with the compressed air, leaving behind oversized particles in 

the grinding chamber for further milling. The final size of the product is 

determined by: feed particle size, feed rate; nozzle angle, pressure and size; 
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airflow rate; grinding chamber dimensions (diameter and width), and diameter of 

product outlet. 

Particle size is mostly controlled by changing the feed rate. Slower feed rate 

results in smaller final particles because there is more energy available per 

particle to accelerate the particles, which leads to more forceful collisions. 

Increased pressure can be used to increase the flow of compressed air and 

raising the temperature of the air can increase the velocity. 

Air jet milling allows comminution of materials to an average particle size of 1 to 

10 microns and to produce particles within a very narrow range. Unnecessary 

heat is avoided as there are no moving parts and the air jets exert a cooling 

effect during milling. However, whilst prolonged milling can produce small 

particles of relatively uniform size and a higher proportion of fines, size 

reduction is limited by an increase in amorphous content. Excessively intense 

milling can cause unwanted amorphous regions to appear on the surface 

(Elverson et al. 2003). 

2.3.2 Other methods 

The other main methods of milling are ball milling and hammer milling. Ball 

milling, which can be either wet or dry, employs rubber, porcelain, metal or steel 

balls of varying diameters and sizes to reduce particle size. Collisions between 

balls flatten the particles before comminution occurs. The process takes longer 

than air jet milling and has the disadvantage of taking longer to clean. 

Hammer mills, often used in research and development, use automatic valves 

that can rotate at speeds between 1000 and 6000 rpm. Particles are crushed or 

chopped until they are small enough to pass through a screen with holes of 

desired size.  

Supercritical fluids is a more recent technology in which compressed liquids or 

gases (such as carbon dioxide) or liquids in excess of their critical temperatures 

and pressures are increasingly used as solvents or non-solvents for 

pharmaceutical manufacturing. Supercritical fluids tend to produce better 

flowability and dispersibility than jet milling, as well as more uniform particles. 

However, powder characteristics are considered to be affected by factors such 

as glass transition temperature in addition to the level of supersaturation 

attained during drying. Moreover, the denaturing capacity of some solvents and 
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antisolvents employed in supercritical fluids processing gives cause for concern 

(Edge et al. 2008). 

A comparison of carbamazepine microparticles produced by spray drying and 

rapid expansion of supercritical solutions (RESS) at a range of temperatures 

between 35°C and 100°C found that although particle sizes and size distribution 

were very similar for both methods, crystal morphology altered according to 

operating conditions, as revealed by differential scanning calorimetry (DSC), 

scanning electron microscopy (SEM), thermogravimetric analyzer (TGA), and X-

ray powder diffraction (XRPD). It was concluded that the method of production 

as well as pressure and temperature parameters affected the crystalline 

structure and its properties (Gosselin et al. 2003). These methods may 

therefore be unsuitable for preparation and characterisation of polymorphs. 

Sieving is another process often used in carrier preparation, either dry sieving 

or air-jet sieving. Dry sieving uses brushing or centrifugal techniques, or 

agitation. Agitation methods include electrically induced oscillation, gyration and 

mechanically induced vibration (Allen 1997). Air-jet sieving technique uses a 

vacuum to create a jet of air which passes through a slotted nozzle to scatter 

particles on the sieve. 

When a new drug formulation is considered, it is important to remember that 

processing can change the characteristics of a material (Hoppentocht et al. 

2014). For example, spray and freeze drying may impact the properties of 

crystalline forms (Karner and Urbanetz 2011), while milling and sieving have 

been shown to affect carrier surface and FPF (Steckel et al. 2006).  

2.4 Factors affecting deposition of drugs particles in the lungs 

Particle size, together with inhalation flow (Tsuda et al. 2013), and patient 

characteristics such as age (Amirav and Newhouse 2012), gender (Kim and Hu 

1998) and severity of disease (Prime et al. 2015) affects deposition in the lung. 

The three main mechanisms of deposition are inertial impaction, gravitational 

sedimentation, and Brownian motion (Ali 2010).  

2.4.1 Particle size 

Inertial impaction is the main method of deposition in the upper respiratory tract 

where particles with high momentum (a product of particle mass and velocity) 

lodge in the walls of the airways as they are unable to follow the changes of 
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airflow direction. Size greater than 0.5 µm will cause impaction. Impaction in the 

oropharyngeal region accounts for a large part of the dose emitted by DPIs 

(Cheng 2014). 

Once particles enter the smaller airways and alveoli, the main mechanism of 

deposition is gravitational sedimentation, which refers to settling of particles 

whose sizes are chiefly between 1 and 5 μm. Particles move more slowly and 

spend longer in this area. 

Particles smaller than <0.2 μm may be deposited by diffusion due to Brownian 

motion anywhere in the respiratory tract. Particle size is also related to 

hygroscopicity because when the dry powder is mixed with moisture as it 

passes through the humid environment of the respiratory tract and this can 

result in restructuring and growth of particles (Pleasants and Hess 2018). 

Higher delivered doses of formulations are associated with a higher proportion 

of particles less than 5 μm in size (fine particle fraction) which are considered to 

be of optimal size for lung deposition (de Boer et al. 2015). Very fine particles 

less than1 μm in size tend to be exhaled rather than deposited in the lung. 

Particle morphology also affects delivery to the deep lung (Crowder et al. 2002). 

A comparison performance of formulations of budesonide with four carriers 

partly attributed lower flowability of freeze dried mannitol formulation to more 

elongated shape (Kaialy and Nokhodchi 2016). 

2.4.2 Drug-carrier interactions and surface energetics 

Surface energy is an important characteristic of carriers for several reasons. 

Lower surface energy is considered to reduce interaction of API and carrier, and 

thus facilitate detachment of the API (Jones et al. 2008). Carrier particles can 

lessen the cohesive forces between drug particles in an interactive mixture 

(Saleem et al. 2008). Coarse particles exhibit lower dispersive energy than fines 

and an appropriate blend of coarse particles and fines may lead to greater 

homogeneity of the carrier particle surface energy (Ho et al. 2010), which in turn 

may improve the distribution of API on carrier.  

Saleem et al. (2008) examined the relationship between drug-carrier blending 

behaviour and interparticulate forces by sampling and measuring the 

homogeneity at different mixing times of formulations of micronized fluorescein 

sodium and budesonide with sieved spray dried and sieved milled lactose. 
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HPLC was used to measure drug content while percentage coefficient of 

variance (%CV) was calculated at various times up to 60 minutes to produce 

blend uniformity curves from which the slope was used to determine the mixing 

rate by calculating the root mean square of negative and positive rates. 

Aerosolisation and deposition from capsules with a Handihaler® were 

measured with an NGI using a flow rate of 60 L/min.  

Saleem et al. (2008) found dispersibility was greater in the milled lactose 

formulations, considered to be due to having a lower amorphous content and 

hence lower surface energies than the spray-dried. Dispersibility of budesonide 

formulations was lower than fluorescein sodium formulations, but emitted doses 

were very similar, indicating that powder flow could not account for the 

differences in dispersibility. Differences in FPD were not reflected in dose 

emissions. It was deduced that drug-carrier interparticulate forces had a greater 

influence than properties of powder flow on dispersion efficiency. Correlation of 

surface energies with dispersion performance indicated an inversely 

proportional relationship, although a significant difference existed between the 

correlation for the two drugs. 

Higher surface energies of carrier particles were associated with lower FPD, 

leading Saleem et al. (2008) to conclude there was a strong relationship 

between surface energies and formulation performance. They noted that 

surface energies of API were important but proposed using blending studies 

involving varied mixing parameters to identify strong drug-carrier interactions 

rather than the more expensive IGC surface energy measurements. 

Jones and Buckton (2016) reported they did not use finite dilution IGC to study 

API-to-carrier adhesion and aerosolisation behaviour, as this had not been done 

before. It has been used to study the effect of blending coarse α-lactose 

monohydrate carrier particles with fines (Ho et al. 2010), differing energies of 

mannitol polymorphs (Smith 2015), to compare results from sessile drop contact 

angle and IGC (Ho et al. 2010) and to compare atomic force microscopy results 

with IGC (Jones and Buckton 2016). Finite IGC has been used together with 

NGI to identify that reduction in surface energy and improved lung deposition of 

budesonide powder can be achieved by supercritical fluid particle design (Sun 

2016). 
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Processing influences the effect of electrostatic charge on flowability (Karner 

and Urbanetz, 2013; Grasmeijer et al., 2013; Kaialy, 2016). Processing causes 

changes in surface area and energy which affect formulation and performance. 

Net charge is governed by complex interactions of the effects of carrier particle 

size, presence of fine particles, drug content and rate of air flow (Karner and 

Urbanetz, 2013). A comparison of in vitro performance of blends of two APIs 

and four carriers (including mannitol) showed that higher surface energy 

interaction between drug and carrier was strongly associated with higher fine 

particle fraction (FPF) (Cline and Dalby, 2002). Schueller (2005) found that 

whilst this was true for salbutamol sulphate, no such relationship was seen for 

beclomethasone dipropionate, whichever carrier was used. This highlighted the 

role of surface energy of the drug. Another comparison of formulations of four 

APIs (including budesonide) and four carriers (including β-form D-mannitol) 

identified that highest FPF was associated with less API-carrier interaction and 

lower surface energy of carrier, enabling detachment of API (Jones et al., 

2008). Results for budesonide did not fit his pattern so well and were therefore 

omitted from the conclusion and attributed to high cohesive drug-carrier ratio. It 

is not possible to generalise results for one drug to other drugs with different 

polar and dispersive energies. Laboratory and commercial formulations require 

comparison. Surface energies of each formulation must be optimised to ensure 

appropriate drug release and deposition.  

2.4.3 Inhalation technique 

In addition to particle characteristics, individual breathing patterns and structure 

of airways in healthy adults cause considerable variation in the particle 

deposition fraction (DF) (Rissler et al. 2017). Distribution of deposition along the 

respiratory tract differs in healthy and diseased lungs (Sturm 2013; Füri et al. 

2017). Poor separation of API and carrier particles in DPI formulations during 

inhalation and aerosolization leads to lower FPF, which in turn reduces the 

delivered dose (Molina, Kaialy and Nokhodchi 2019). 

Many DPIs are flow-dependent and some require inhalation in excess of 60 

l/min for effective use, are required to de-aggregate and disperse the drug 

powder. In general, patients find DPIs easier because they do not have to co-

ordinate inhalation as is necessary with most pMDIs (Norderud Lærum et al. 

2016). However, a higher inhalation flow is necessary with DPIs and a strong 

sharp intake of breath is essential (Chrystyn et al. 2014). Inhalation flow and 
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DPI resistance interact to create turbulent energy that enables de-aggregation 

of the formulation and release of particles of suitable size for deposition in the 

lung (Chrystyn 2003). Slow inhalation does not produce sufficiently small 

particles. Patients with asthma may not achieve full therapeutic benefit from 

DPIs without training in inhalation flows that are required for most such devices 

(Norderud Laerum et al. 2016). Moreover, while inhaled volumes have been 

found to be generally low among asthma patients using DPIs including 

Easyhaler®, there is considerable variability among individuals (Azouz et al. 

2015). Inhalation technique may affect the amount of fine particles produced 

during aerosolisation and hence the delivered dose (de Boer et al. 2015). Since 

inhalation influences the site of deposition in the lung and hence therapeutic 

benefit of the drug, training in inhalation technique using In-Check Dial may be 

advantageous (Azouz 2012).  

2.4.4 Patient characteristics 

The narrower airways typically found in asthma sufferers are likely to affect the 

deposition in two main ways. They will lead to higher flow velocity which will 

cause increased inertial impaction at the points where bronchi and bronchioles 

divide. However, they will limit the quantity of formulation reaching the area 

below the terminal bronchioles (Tsuda et al. 2013). Thus overall deposition may 

increase but not at the target site.  

A comparison of lung deposition in children and adults with asthma using the 

same dose of budesonide and a pressured metered dose inhaler (pMDI) with 

Nebuchamber spacer found that lung deposition increases with age (Anh Øj et 

al. 2000). 

However, a study using the ELLIPTA® DPI to compare inhalation profiles of 

asthma and chronic obstructive pulmonary disease (COPD) patients and 

healthy adults found no significant difference between the air capacity of the 

lungs (average inhalation flow rates, inhalation time(s) and peak inspiratory flow 

rates (PIFRs)) of healthy adults and asthma sufferers, irrespective of the 

severity of the disease (Prime et al. 2015). 

Adherence is widely recognised to be problematic among asthma sufferers due 

to incorrect inhalation technique with the particular device(s) they are using. 

Whilst emphasis is placed on training and monitoring individual patients, the 

advantages and disadvantages of different types of drug delivery device merit 
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consideration, such as the interaction between individual patient inhalation 

patterns with differences in resistance between DPIs. 

2.5 Methods of administration of inhaled drugs 

Complex drug delivery systems (DDSs) are needed for delivery via the 

pulmonary route which required consideration of the interdependency of a 

number of factors, including among others physico-chemical properties of the 

API, carriers and/or excipients, and the technological attributes of the device 

involved. Three basic types of device are available for delivery via the 

pulmonary route: nebulisers, MDIs and DPIs, each of which has a number of 

models and variations. Each device forces careful consideration of the 

physicochemical and micromeritic properties of solid-state formulation in order 

to assure optimum therapeutic performance of DDS. 

2.5.1 Dry powder inhalers (DPI) 

DPIs were developed to overcome the problems of actuation-inhalation 

coordination and to provide an alternative to CFC propellants, in parallel with 

development of alternative propellants such as hydrofluoroalkanes (HFAs) for 

pMDIs (Noakes et al. 1995; Smola et al. 2008). PDIs are operated by a strong, 

swift inhalation rather than the slow and deep one required for MDIs (Lavorini et 

al. 2014). 

Advantages include the fact that they are relatively inexpensive and easily 

portable, which offers potential in emerging markets. The dry powder 

formulations they use can provide greater stability in hot climates and may be 

the only option for some drugs with extremely low water solubility (Hoppentocht 

et al. 2014). In addition, dry powders are less liable to contamination than 

solutions (Frijlink and De Boer 2004). 

Breath converts the dry powder formulation to an aerosol, thus rate of delivery 

depends to a great extent on the rate of inspiratory flow (Brocklebank et al. 

2001; Pilcer et al. 2012); this is because the DPI employs strong inter-particle 

forces (Beilmann et al. 2007; Podczeck 2008). 

2.5.2 Metered dose inhalers (MDI) 

MDIs or pressurized metered dose inhalers (pDMIs) deliver multiple uniform 

doses and are portable, although disadvantages remain. They can result in high 
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deposition in the mouth rather than the lung and some also require breath 

coordination, the lack of which is often responsible for misuse (Lavorini et al. 

2014). pDMIs are used with APIs in solution or with suspensions; uniform 

dosing of suspension formulations is often maintained by the use of stabilising 

agents such as lecithin (Forbes 2014). 

2.5.3 Nebulisers 

Nebulizers are aerosol delivery systems which generate inhalable aerosol 

droplets, fragmenting the API formulation either by compressed air or ultrasonic 

power (O'Callaghan and Barry 1997). Despite improvements in design, 

portability, and efficiency of delivery, they are typically bulkier and less efficient 

than either DPI or pMDI; jet and ultrasonic nebulisers in particular can leave 

some 50% of the API in the device (Vecellio 2006). Jet and ultrasonic 

nebulisers can damage complex molecules due to strong shearing forces (Hull 

et al. 2015). 

Typical drug deposition of a nebuliser can be as low as 10% in children 

(O’Callaghan and Barry 2000), while a pressurized metered dose inhaler (pDMI) 

also delivering the medication in aerosol form deposits some 10%-40% (Iles et 

al. 1999). MDIs have been the most widely used form of inhaler worldwide 

(Boyd 1995) and remain popular due to the measured doses they contain. 

Problems of coordinating device actuation with patient’s own breathing have 

been largely overcome with the use of holding chambers which reduce the 

aerosol speed, together with spacers which hold the medication for longer 

(Lavorini et al. 2014). The advantages and disadvantages of each main type of 

device are summarized in Table 2.1. 

Table 2-1 Advantages and disadvantages of inhaler device types 

Device Advantages Disadvantages 

Nebulizers No specific inhalation technique 
or co-ordination required 

Time consuming 

  Aerosolizes most drug solutions Bulky 

  Delivers large doses Nonportable 

  Suitable for infants and people 
physically unable to use other 
devices 

Contents easily contaminated 

   Relatively expensive 
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Source: Adapted from Lavorini (2013) 

In addition to these general differences, many delivery devices are compatible 

with specific drug products; in Europe alone, there are in excess of 230 drug 

and device combinations (Lavorini et al. 2011). DPIs are classified as single-unit 

(capsule dose or disposable dose), multiple dose reservoir or multiple dose 

premetered replaceable unit (Lavorini et al. 2017). Differences in DPI design are 

reflected in variations in lung deposition (Labiris and Dolovich 2003) due to the 

specific airflow resistance associated with each design. Powder aerosolisation 

is cause by the turbulent energy which is produced by resistance together with 

the inhalation technique. In general, higher resistance with lower inhalation flow 

can generate a turbulent energy to lower resistance with higher inhalation flow 

(Azouz and Chrystyn 2012), although inhalation flow needs to reach a certain 

threshold, again depending on the device design, to be effective (Lavorini et al. 

2017). 

    Poor drug delivery efficiency 

   Wide performance variation between 
different models and operating 
conditions 

pMDI Compact and portable Inhalation technique and patient co-
ordination required 

   High oral deposition 

  Multidose (approximately 200 
doses) 

Maximum dose of 5 mg 

  Inexpensive Limited range of drugs available 

  Sealed environment    

  Reproducible dosing   

 DPI Compact Respirable dose dependent on 
inspiratory flow rate 

  Portable Humidity may cause powders to 
aggregate and capsules to soften 

  

  

Breath actuated Dose lost if patient inadvertently 
exhales into the DPI 

Easy to use Most DPIs contain lactose 

No hand-mouth co-ordination 
required 
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With single-unit dose inhalers such as the Aerosolizer® and the RS01®, a 

capsule filled with formulation is inserted into the DPI before each use and 

opened, usually pierced by needles, when the DPI is used  Capsule activation is 

achieved by shear-force opening, needle-piercing, or cutting of the capsules. 

Multiple-dose reservoir inhalers such as the Easyhaler® contain a quantity of 

powder in a reservoir with a mechanism for measuring and releasing a single 

dose with each actuation (Lavorini et al. 2017).  

While delivery devices can be classified according to the physical states of the 

drug (continuous medium and dispersed-phase) in addition to design, means of 

dispersion, and metering (Lavorini 2013), the choice of delivery system may be 

determined by the condition being treated and the characteristics of the specific 

drug therapy employed. For delivery using DPIs, it is essential to have a stable 

powder which can be delivered in amounts of 1 milligram in order to control the 

correct dosage, and both stability of the product and the cost of processing will 

depend on the physical characteristics of the drug. 

Aerosolisation and lung deposition are affected by the design of the device and 

associated resistance (Yakubu 2009; Ibrahim et al. 2015). The relationship 

between flow rate and pressure drop is unique to each device. Some studies 

have identified an optimal breathing pattern, such as Kondo et al. (2017), while 

others have found that dose delivery significantly differs with inhalation flow for 

some, but not all, delivery systems (Buttini et al. 2016). 

2.6 Budesonide formulations 

Commercially available products use lactose as the carrier, for example 

Easyhaler Budesonide 200 micrograms/dose inhalation powder (Orion Pharma 

UK), or Pulmicort Flexhaler and Budelin Novolizer 200 micrograms/dose 

inhalation powder (Meda Pharmaceuticals Ltd) which use lactose monohydrate 

containing small amounts of milk proteins (https://www.medicines.org.uk). 

The majority of studies on inhaled budesonide powder involve clinical 

comparisons of inhaler devices or recent searches for improved bioavailability 

through engineering of carrier particles other than mannitol or the inclusion of 

additives to lactose carrier. The most relevant study for this thesis is Kaialy et 

al. (2012a) who used five different formulations of budesonide with lactose 

carriers of different size fractions to investigate the effect of carrier particle size 

on properties of dry powder and its effect on performance of an Aerolizer® DPI. 

https://www.medicines.org.uk)./
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Results indicated that in general, smaller particles of lactose were associated 

with higher FPF and emitted dose but that the homogeneity of budesonide 

particles decreased and drug deposition in the oropharyngeal region increased. 

It was concluded that particles smaller than 45 µm increased the proportion of 

budesonide delivered to lower stages of the impactor but that they were not 

evenly distributed to individual carrier particles due to decreasing cohesion 

which resulted in poor homogeneity of the API. A careful balance therefore 

needs to be achieved to optimise the effectiveness of the formulation, 

particularly as a minor alteration to the carrier can have a considerable impact 

on drug behaviour during aerosolisation (Kaialy et al. 2012a).  

2.7 Polymorphism in carrier design 

Polymorphs with greater stability tend to have a higher melting point and lower 

solubility than less stable ones, which means that metastable forms with 

kinetically higher solubility may be a means of assisting improved delivery of 

poorly soluble drugs (Burger et al. 2000; Larhrib et al. 2003). 

Polymorphism has significant consequences for the formulation and processing 

of biopharmaceutical materials (Gibson 2009), therefore polymorphic forms of a 

pharmaceutical substance must be determined at an early stage of the 

formulation-development process, in order to establish the different 

physicochemical characteristics related to their different energy states (Maas et 

al. 2011; Nokhodchi and Martin 2015). 

Polymorphism occurs when a chemical compound crystallizes with different 

internal structures, in the strict sense when the chemical composition of the 

phases is identical. The ICH (International Conference on Harmonisation of 

technical requirements for registration of pharmaceuticals for human use) Q6A 

definition of polymorphism includes pseudopolymorphs (solvation or hydration 

products) and amorphous forms (Rowe et al. 2012). Crystal structures of 

solvates incorporate stoichiometric or nonstoichiometric amounts of a solvent. 

When the solvent is water, the substance is typically termed a hydrate (Franks 

and Auffret 2008). Amorphous forms exhibit disordered molecular arrangements 

and lack a distinct crystal lattice. 

Polymorphs form as a system moves towards thermodynamic equilibrium. 

Factors influencing polymorph formation are temperature and melting points, 

supersaturation levels prior to crystallisation, alterations in stirring conditions, 
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covalent bond geometry, solvents used and impurities, also humidity, 

mechanical action of comminution and compression into tablet form. A 

metastable pharmaceutical solid form can move towards thermodynamic 

equilibrium (alter crystalline structure or exhibit solvation/desolvation) as a result 

of processing (Cornel et al. 2010; Nokhodchi. and Larhrib 2013), the passage of 

time, or variations in environmental conditions (Griesser and Stowell 2009). 

Depending on whether the thermodynamic transition point is at a temperature 

lower or higher than the melting point of the lower melting polymorph, the 

transformation is reversible (enantiotropic) or irreversible (monotropic) (Hulse et 

al. 2009). 

Structures of crystalline solids are determined by the unit cell or crystal basis 

(atom arrangement specific to substance) and lattice geometry (the vectors that 

connect the lattice points in 3D arrays) (Edge et al. 2008). Different polymorphs 

exhibit different molecular packing in the unit cell resulting in altered dimensions 

of unit cells (Edge et al. 2008). Greater packing efficiency is associated with 

lower free energy, thus according to the density rule, at absolute zero the most 

stable polymorph of a non-hydrogen-bonded system will have the highest 

density (Elversson et al. 2003). 

Four phase transition mechanisms have been identified (Zhang et al. 2004). 

Melt transition happens when one polymorph crystallizes as another cools after 

melting and is affected by the presence of excipients and impurities, also by 

rates of nucleation and crystal growth as well as cooling. Transition in solution 

can be seen when removal of a solvent leaves another polymorphic form, 

frequently in mixtures of polymorphs because it affects only the dissolved 

portion of a drug. Transition can be solution-mediated when the metastable 

phase is dissolved and the stable phase nucleated leading to crystal growth. 

Solid state transition can be caused by impurities and defects in crystals, 

although typically results from changes in pressure, relative humidity and 

temperature. Molecular loosening leads to a transitional solid solution in which 

the new solid phase nucleates and grows. 

2.8 Mannitol 

The search for alternatives to lactose as carriers for pulmonary delivery has 

focused mainly on mannitol. In addition to growing interest in its potential as a 

carrier for aerosol delivery to the lung (Steckel and Bolzen 2004), mannitol is 
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increasingly used as a binder or filler in oral dosage due to a combination of 

inertness towards both the human body and the API, combined with its 

relatively low hygroscopicity, and its compactibility (Ohrem et al. 2014). Table 

2.2 summarizes some of the key characteristics of lactose and mannitol. 

Table 2-2 Comparison of selected key characteristics of lactose and mannitol 

Property Lactose Mannitol 

Particle shape/ 
size 

Small irregular shapes, larger 
aerodynamic diameter 

Small irregular shapes including 
needle-shaped with smaller 
aerodynamic diameter 

Flowability High Moderate 

FPF High (α-lactose monohydrate) Moderate (β-mannitol) 

Hygroscopicity More hygroscopic  Less hygroscopic  

Polymorphism Less complex More complex 

 

In comparison with other coarse sugar carriers micronised in similar conditions, 

the volume mean diameter (VMD) of mannitol was shown to be less than that of 

sorbitol and lactose\mannitol, possibly due to differences in particle shapes 

(Tee et al. 2000). The elongation of mannitol particles is associated with higher 

dispersibility and FPF (Larhrib et al. 2003). Needle-like therapeutic particles are 

considered more likely to travel to the ciliated airways in the deeper lungs for 

optimum therapeutic benefit.  

Of the three confirmed mannitol polymorphs, both the α and β polymorphs are 

considered stable (Burger et al. 2000). The β- form is thermodynamically stable 

at 20°C, the others are deemed to have high kinetic stability and be metastable 

forms (Maas et al. 2011). Although thermal analysis cannot clearly distinguish 

between them all (Burger et al. 2000), powder X-ray diffractometry does so 

(Maas et al. 2011). The stable β- form has larger and more prism-shaped 

crystals than the α-form. 

Rowe et al. (2012) report that mannitol is stable in both the dry state and 

aqueous solutions, adding that repeated autoclaving for sterilisation purposes 

produces no undesirable chemical or physical effects. Moreover, its low 

hygroscopicity means that it is suitable for use with moisture-sensitive APIs. To 

date, few incompatibilities have been reported (Sheskey et al. 2017). 
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Although the β- form is the most frequently used because of its stability at 

ambient conditions, the δ form has been found to demonstrate superior 

tabletting properties (Burger et al. 2000). The γ- form reported in some studies 

has been identified as a mixture of polymorphs, rather than a true polymorph. 

However, identification of the conditions that produce one particular 

polymorphic form rather than another has proved challenging (Franks and 

Auffret 2008). It has been shown that for some specific solute concentrations, 

first the α- polymorph nucleates, after which it converts to the β- form and 

subsequently to the δ- form (Cornel et al. 2010); it was further reported that 

below a supersaturation threshold for α- form nucleation, the δ- form nucleates. 

Although two DPI formulations based on mannitol were approved (Aridol®, as a 

pulmonary diagnostic agent, in the USA in 2010, and Bronchitol®, a treatment 

for cystic fibrosis, in Australia and Europe in 2011 and 2012 respectively), it is 

proposed that particle engineering may be necessary in order to produce 

particles with the desired physicochemical properties for specific DPI drug 

delivery systems (Nokhodchi and Larhrib 2013). 

An evaluation of freeze-dried, spray dried and commercial D-mannitol powders 

in salbutamol sulphate (SS)-mannitol aerosol formulations compared 

homogeneity, in-vitro aerosolization performance and SS-mannitol adhesion 

(Kaialy and Nokhodchi, 2013). Surface energies were not investigated. 

Morphology of the freeze-dried mannitol was elongated whereas spray-dried 

mannitol demonstrated spherical morphology. The FPF of the freeze-dried 

mannitol was higher than that of the commercial mannitol. The polymorphic α-

+β-+δ-forms of the freeze-dried mannitol demonstrated elongated morphology, 

in contrast to the spherical morphology of the α-+β- forms produced by spray 

drying. However, flowability of the spray dried α-+β- polymorphic forms was 

superior to that of the freeze-dried product. The surface of freeze-dried mannitol 

was smoother than that of spray dried mannitol which in turn was smoother than 

the commercial product. Commercial mannitol, the β- polymorphic form, 

exhibited angular morphology and good flowability (Kaialy and Nokhodchi, 

2013). The crystalline structure of polymorphic forms therefore influences the 

efficiency of drug delivery. 

Another study comparing combinations of four drugs (budesonide, formoterol 

fumarate dihydrate (FFD) and drugs A and B) and four carriers (erythritol, α-

lactose monohydrate, D-mannitol (β-form) and α-trehalose dihydrate) found that 
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α-lactose monohydrate had the highest FPF. This was deemed due to its having 

lower surface energy as measured by atomic force microscopy and hence less 

interaction of API and carrier, which facilitated detachment of the API (Jones et 

al. 2008). Surface energy is therefore also an important characteristic of carriers 

which is related to the polymorphic form. 

A study investigating the treatment of asthma and COPD examined mannitol as 

an alternative to the sugar-reducing lactose as a carrier for budesonide by 

identifying the physicochemical characteristics of mannitol and dextrose. Mixing 

uniformity was analysed by spectrophotometer and deposition by multi-stage 

liquid impinger (MSLI) following aerosolization at 4 kPa via the inhaler. 

Morphology was evaluated by scanning electron microscope. It was found that 

the FPF of 5% (1 g of budesonide and 19 g of sugar) and 10% (1 g of 

budesonide and 9 g of sugar) blends of mannitol was 61%, which was 

tentatively attributed to the presence of fine elongated particles. Although 

dextrose exhibited excellent flowability, in comparison with sugars such as 

sorbitol or xylitol which had higher hygroscopicity, it was concluded that 

mannitol could be a suitable carrier due to its higher FPF (Momin et al. 2011). 

Hygroscopicity also affects drug delivery efficiency because of the humid 

environment during inhalation (Telko and Hickey 2005). 

2.9 Previous studies 

Kaialy et al. (2010a) investigated the morphology, micromeritic and other 

properties of recrystallised mannitol particles produced from D-mannitol 

aqueous solution (15% w/v) added to four ethanol-water solutions of different 

ratios. Analysis of particles was followed by blending each sample with 

salbutamol sulphate (SS) in a ratio of 67.5:1. Formulation homogeneity was 

assessed with High Performance Liquid Chromatography (HPLC) and in-vitro 

testing of deposition was assessed with an Aerolizer® inhaler attached to a 

Multi-Stage Liquid Impinger (MSLI). Engineered mannitol particles were shown 

to be more needle-shaped and smoother than commercial mannitol. Particles 

produced with higher ratio of water to ethanol were shorter and showed greater 

agglomeration. The commercial mannitol was predominantly the β polymorph, 

while the recrystallised mannitol was mainly α or mixtures of α and δ, or α with β 

and δ depending on the ratio of water to ethanol. Recovered doses of 

salbutamol sulfate (SS) were higher with all recrystallised mannitol samples 

than with commercial mannitol, while smaller impaction loss denoted superior 
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aerosolization. Higher FPF of recrystallised mannitol was associated with 

improved delivery to lower levels, as were increased surface area and greater 

quantity of fine particles. The study highlighted the effect on crystal growth of 

higher polarity as proportion of water increased in ethanol solutions. However, 

any potential link between this, higher FPF and drug deposition as a result of 

differences in surface energetics was not investigated. This is a potentially 

significant omission; the importance of surface energetics should be taken into 

account. 

Hamishehkar et al. (2010) prepared solutions of commercial mannitol (18% 

(w/v) in distilled water) which were then spray-dried or freeze-dried and the 

freeze-dried sieved with a 45 µm sieve. Commercial mannitol and sorbitol were 

similarly sieved. Characterisation of carrier particles including density and 

powder flow was conducted before formulations each of the four carriers were 

blended with insulin-loaded microcapsules in a ratio of 1:1 w/w. In vitro 

deposition of SS was performed with filled capsules in Spinhaler® and twin 

stage impinger using flow rate of 60 L/min. Freeze-dried mannitol (FDM) and 

sorbitol had the largest surface areas, with FDM having the smoothest surface. 

As with Kaialy et al. (2010a), commercial mannitol was found to be the β 

polymorph, while the α form was seen in spray-dried and freeze-dried. Both 

FDM and sieved commercial mannitol improved FPF of insulin microcapsules 

but this did not lead to higher emitted dose. It was proposed that the 

morphologies of drug and carrier surfaces needed optimum balance 

(unspecified) in order to produce a level of adhesion force which would yield 

improved deposition. Flowability was considered an important factor in 

aerosolization, while elongated particles were considered to improve the FPF. 

However, it was noted that in-vitro measurement of higher dose emission did 

not necessarily lead to greater efficiency of inhalation. The potential influence of 

inhalation technique on creating the turbulent energy required to aerosolise the 

formulation and deposit it at the desired sites was not examined, nor was the 

influence of device design considered. 

Kaialy et al. (2012b) investigated the association between physical properties of 

mannitol and DPI drug inhalation behaviour using multi-stage liquid impinger 

(MSLI) in-vitro assessment of formulations of SS with crystallised mannitol. 

Crystallised mannitol was prepared from supersaturated aqueous solutions at 

concentrations of 20, 30, 40, and 50% w/v heated then cooled at 20 °C, 50% 
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RH for 96 h before being dried for 24 h at 60 °C. Formulations were blended 

from SS with samples of each mannitol product and with commercial mannitol 

(ratio 67.5:1 w/w). Adhesion forces of drug-carrier were evaluated by air 

depression sieving at several time periods and HPLC measurement of drug 

remaining on sieve. 

Higher supersaturations resulted in crystallised mannitol with narrower 

distribution of particle size and thicker particles, while lower supersaturations 

produced more needle-shaped particles and yielded a higher proportion of 

intrinsic fine particles. Comparison of crystallised materials with commercial 

mannitol showed that rougher surface was associated with more homogeneous 

formulation, which was attributed to greater drug-carrier adhesion, although this 

was not measured. However, mannitol crystallised from 20% supersaturated 

solution yielded the highest FPF of SS, thus Kaialy et al. (2012b) concluded 

further work in this area would be useful. 

Comparison of physicochemical and inhalation characteristics of different size 

fractions (between 40 and 100 µm) of freeze-dried mannitol as a carrier for SS 

assessed homogeneity of formulation and aerosolisation efficiency (Kaialy and 

Nokhodchi 2015). Whilst all sizes showed mixture of the three polymorphs, 

larger particles were shown to reduce fewer fine particles and drug deposition in 

the throat, while improving homogeneity and having narrower distribution of 

particle size. Surface energies were not investigated in this study. 

Examination of electrical charge was included in a further investigation into 

mannitol which compared aerosolization performance of formulations of 

hydrophobic budesonide with freeze-dried mannitol, freeze-dried mannitol with 

added leucine, commercial mannitol and commercial micronized lactose (Kaialy 

and Nokhodchi 2016). Comparison with a previous study of mannitol with 

hydrophilic SS (Kaialy and Nokhodchi 2012a) was also made. Sieved particle 

sizes were 63-90 µm, the standard for many experiments, although the ratios of 

carrier to drug were 20:1 and 20:1:1 for formulation containing leucine. These 

ratios are not typical of commercial ratios where the quantity of API is much 

lower and results regarding electrical charge would not necessarily apply to a 

different ratio.  Freeze-dried mannitol had the poorest flowability, attributed to 

unintentional fines which adversely affected homogeneity and higher charge 

density which increased friction between particles. It was noted that the positive 

charge density of freeze-dried mannitol was very similar to that of budesonide, 
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in contrast to commercial mannitol which had a lower charge and commercial 

lactose which had the lowest charge. The effect of the positive charge of 

budesonide compared with the negative charge of SS was noted; there was 

less homogeneity. Leucine was identified as a potential additional excipient 

which could assist in reducing friction between particles of freeze-dried 

mannitol. The problem of a higher FPF but lower homogeneity of freeze-dried 

mannitol was highlighted as an area for future work. 

A study involved removal of naturally occurring fine particles from marketed 

lactose and mannitol carriers before adding varying percentages of micronized 

fines of each carrier to the coarser particles. After removal of fines, carriers 

exhibited lower FPF. Addition of laboratory-produced fines increased the FPF 

but not to the level of the untreated carriers (Boshhiha and Urbanetz (2018). It 

was reduced that added carrier fines were different in morphology and surface 

area, as well as energetic charge, although the latter was not measured. 

2.10 In vitro method of assessment of drug deposition in the lung 

The pharmaceutical industry and its regulatory bodies have highlighted the 

importance of correct analysis and interpretation of results of in-vitro 

assessments of orally inhaled respiratory products (OIPs). Such assessments 

are aimed at demonstrating that the manufacture of a particular drug results in 

consistent bioavailability and acts in the same way at the site of action, or that 

different drugs which have exactly the same active ingredients are similarly 

bioavailable and have the same action or bioequivalence. Statistical methods 

are primarily used for determining bioequivalence (Morgan and Strickland 

2014). 

Chrystyn (2001) classified the methods used to determine bioequivalence into 

four groups: clinical, pharmacokinetic, gamma scintigraphy and in-vitro. Clinical 

methods focused on results which indicate an effective therapeutic outcome 

include in vivo measurement of air movement into and out of the lungs 

(spirometry), and comparison of test and reference single dose levels, among 

many others. Pharmacokinetic methods used to assess how the body affects 

the drug in terms of systemic exposure (measured as absorption, distribution, 

metabolism and excretion) typically involve analysis of urine and plasma 

samples.  Gamma scintigraphy, which entails labelling particles with radio 

nuclides so that their passage through the body can be tracked and mucociliary 
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clearance established, has been proposed as a way of establishing 

bioequivalence of inhaled formulations for treating asthma (Newman and 

Wilding 1998). However, this method has been criticised for failing to provide a 

sufficiently detailed picture of distribution (Dolovich and Labiris 2004). A more 

sensitive three-dimensional picture is considered to be given by functional 

respiratory imaging (FRI) which combines high resolution scans with 

simulations of flow, as used for example to establish whether regional 

deposition in the lung of test and reference samples of fluticasone/salmeterol 

were bioequivalent (De Backer et al. 2016). 

Efforts continue to develop new techniques, including a range of in vitro 

methods such as models of the lung based on human cells (Miller and Spence 

2017) and ex vivo methods such as the use of patient inhalation profiles rather 

than a standard vacuum pump, and models of the oropharyngeal region and the 

lungs, for example tissue models is isolated perfused rat lung tissue model. A 

more straightforward ex vivo method of measuring dose emission is employed 

by Yakubu (2009). Ex vivo methods potentially provide a better indication of 

how the formulation-device combination will perform with patients but many are 

costly and time-consuming to develop or improve. For now, despite incomplete 

understanding of the applicability of in-vitro results to the in vivo situation (Lee 

et al. 2015), particle size distribution as measured by cascade impactor is 

considered important. For example, the European Medicines Agency (EMA) 

specify that for DPIs, pMDIs and nebulisers, a cascade impactor or impinger 

must be used for comparison of the full individual stage particle size distribution 

profiles of generic and novel products, with appropriate flow rates if the dose is 

flow-rate dependent (EMA 2006).  Analysis is typically performed with by HPLC 

which separates, detects and measures the amount of API and any other 

ingredient. Use of an impactor potentially avoids the disadvantages of 

pharmacokinetic methods which fail to distinguish the fractions which are 

inhaled from those which are swallowed (Chrystyn 2001). One drawback of 

cascade impactors is that the flow rate has to be constant, which means they 

cannot reflect variability in inhalation flows. 

Aerodynamic particle size distribution (APSD) is considered to play an essential 

role in the quantity and location of lung deposition (Sheth et al. 2014; Lee et al. 

2015). The residual APSD is described in terms of the MMAD and GSD, a 

smaller GSD indicating a narrower range of diameter among residual particles. 
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Changes in APSD are directly associated with alterations in MMAD, therefore a 

low GSD together with a small MMAD denotes fine particle sizes within a 

narrow range, which points towards effective drug delivery. 

APSD, chiefly associated with the MMAD and fine particle dose (FPD), has 

been shown to correlate well with pharmacokinetic (PK) measures that indicate 

absorption extent and rate (area under the plasma concentration time curve and 

peak plasma concentration respectively) (Daley-Yates 2014). However, whilst 

this was true for MDIs with similar designs but different formulations, the 

relationship was absent for DPIs with different designs but similar formulations 

of API and lactose carrier. Accurate measurement of APSD mainly relies on 

selection of the appropriate nozzle size for each stage of the cascade impactor 

and ensuring there is calibration based on the cut-point size and particles 

whose aerodynamic diameter is known (Nichols et al. 2013). 

2.11 Principles of operation of cascade impactor 

Cascade impactors operate on the basis of inertial impaction of particles of 

differing aerodynamic particle size impacting on collection plates at different 

stages according to their inertia. Larger particles with greater inertia will impact 

(be deposited) on the upper stages while smaller particles continue downwards 

with the airflow. The contents of each plate are then analysed, typically with 

HPLC. Analysis enables calculation of the MMAD, GSD and FPF in addition to 

the fine particle dose (FPD). 

Particles can bounce off dry impaction surfaces and travel down to lower stages 

of the impactor than they would otherwise have done. This is a particular 

problem with DPI formulations, which can cause inaccuracies in APSD 

measurement by increasing the quantity impacted on lower collection plates 

and thereby overstating losses between stages. In some circumstances, it is 

therefore recommended to coat the plates with a suitable substance which will 

not affect the HPLC (Rebits et al. 2007) and, if coarse carrier particles are 

involved, to coat the inlets (Leung et al. 2015). However, distortion of results is 

less with smaller particles. It is further recommended to prevent the build-up of 

electrostatic charge which can affect particle progress through and deposition in 

the impactor by altering interparticulate forces (Christopher et al. 2003).  
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2.11.1 Next Generation Impactor (NGI) 

The NGI was designed by and for the pharmaceutical industry for testing of 

nasal and inhaled drug formulations. First used in 2000, it was incorporated five 

years later into the Pharmacopoeias. The NGI has seven stages and a final 

filter, each of which has a collection cup. Stage cut-off sizes range from 0.54 µm 

to 11.7 µm aerodynamic diameter at 30 L min-1 and 0.24 µm to 6.12 µm at 100 

L min-1, with the inhalation flow variable between those values. 

2.12 Summary 

This chapter has briefly introduced budesonide and its mechanism of action 

before describing the respiratory system and how drug deposition in the lung is 

affected by physico-chemical properties of the API and carrier, characteristics of 

the device employed such as DPI resistance and patient characteristics such as 

breathing patterns.  

Consideration has been given to the methods involved in production of particles 

for pulmonary delivery, including crystallisation and air jet milling. The 

importance of particle size and its effect on deposition in the lung has been 

emphasised along with the three types of deposition (inertial impaction, 

gravitational sedimentation and Brownian motion). 

Inhalation techniques, which vary according to the delivery device, have been 

shown to influence deposition. The advantages and disadvantages of DPIs, 

pMDIs and nebulisers have been summarised. Rate of delivery with DPIs is 

dependent on the rate of inspiratory flow and a stable powder is essential. 

Formulations of drug and carrier require a delicate balance of particle size and 

homogeneity of distribution (Kaialy et al. 2012a). 

The role of in-vitro and ex vivo methods of deposition in the lung was then 

examined before the chapter concluded with the importance of APSD and how 

it is measured with a cascade impactor and HPLC.
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Chapter 3 Materials and methods 

3.1 Materials 

• HPLC-grade Acetonitrile (Fisher Scientific, UK)  

• Ethanol, HPLC-grade, 99% (Alfa Aesar, UK) 

• Acetone, HPLC-grade (Fisher Scientific, UK) 

• Isopropanol, HPLC-grade (Fisher Scientific, UK) 

• Heptane, HPLC-grade (Sigma-Aldrich, UK) 

• Hexane, HPLC-grade (Sigma-Aldrich, UK) 

• Octane, HPLC-grade (Sigma-Aldrich, UK) 

• Nonane, HPLC-grade (Sigma-Aldrich, UK) 

• Chloroform, HPLC-grade (Fisher Scientific, UK) 

• Ethyl acetate HPLC-grade (Fisher Scientific, UK) 

• Glycerol 99+%, (Alfa Aesar, UK) 

• Brij® L23, (Sigma-Aldrich, UK) 

• Compressed Air 

• Purified water (Thermo Scientific Barnstead NANOpure Water 

Purification System, Analytical)  

• D-Mannitol (C6H14O6) was obtained from Sigma Aldrich, UK 

• Inhalation grade D-Mannitol was obtained from Parteck® M DPI, Merck, 

Darmstadt, Germany 

• Budesonide (C₂₅H₃₄O₆) was obtained from Kemprotec Limited, UK 

•  Easyhaler budesonide 200mg (lactose-budesonide) was obtained from 

AAH Pharmaceuticals 

3.2 Instruments and apparatus 

3.2.1 Apparatus used in crystallisation 

Vacuum oven (ov-12 JIO TECH, Korea) for solvent evaporation crystallisation. 

3.2.3 Apparatus used in High Performance Liquid Chromatography (HPLC) 

(1) Pump and autosampler  

Chromatographic analyses were performed with Hewlett Packard (HP) 1050 

system, using a multiple solvent delivery system containing an autosampler with 

a variable injection loop.  
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(2) Detectors  

Variable wavelength UV-visible detector HP 1050 series was used. All 

connections from the autosampler to column and from column to detector were 

formed of stainless steel with 0.005 i.d. All connection tubes were kept as short 

as possible to minimize extra-column band broadening. All end fittings were 

carefully selected to give zero dead volume.  

(3) Integrator  

Prime Multichannel Data Station (version 4.2.0) (HPLC Technologies, Herts, 

UK)  

(4) HPLC Columns 

Phenomenex C18 Magellen, 150 mm X 4.6 mm i.d X 5 µm (Phenomenex, 

Macclesfield, Cheshire, UK). Phenomenex, Gemini-NX C18, 250 mm X 4.6 mm 

i.d X 5 µm (Phenomenex, Torrance, USA). 

(5) Nylaflo® nylon membrane filter, 47 mm, 0.45 µm pore size (Pall Gelaman 

Sciences, Michigan, USA) for filtration of the mobile phase, Metler Toledo (AL) 

analytical balance (Leicester, UK), ELGA ultra-pure water dispensing system 

(High Wycombe, UK) and Ultrasonic Bath (Decon Laboratories, Hove, UK). 

3.2.3 Apparatus used in particle size reduction 

Comminution of the crystalline materials was carried out using air jet milling 

(PilotMill-Zero, FPS, Italy). 

3.2.4 Apparatus used in particle characterisation and analysis 

Particle size analysis was performed using HELOS H2419 (Sympatec GmbH, 

Germany). Equipment was calibrated using a standard silica sample supplied 

with the instrumentation (Sympatec, UK). 

Physical stability of mannitol polymorphs was performed using Dynamic Vapour 

Sorption with DVS Intrinsic (Surface Measurement Systems, Alperton, UK) 

3.2.5 Differential scanning calorimetry (DSC)  

Physico-chemical properties such as melting point and heat of fusion were 

analysed using TA Instruments Q2000 Series Thermal Analysis system (TA 

Instrument, West Sussex, UK). 
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3.2.6 Inverse gas chromatography (IGC) 

Surface energy analysis was performed using an inverse gas chromatography 

instrument from SMS (UK). 

3.2.7 Scanning electron microscopy (SEM) 

The surface morphology of dried powders was characterised with a scanning 

electron microscope (QUANTA 400, FEI, USA) 2kV. Sample surfaces were gold 

coated to induce electric conductivity using a K550X sputter coater (Quorum 

Emitech, Kent, UK). 

3.2.8 Thermogravimetric analysis (TGA) 

Temperature-related changes in physical and chemical properties of materials 

were measured with thermogravimetric analyser TA Q5000 (PE, USA). 

3.2 9 Powder X-Ray Diffraction (PXRD) 

PXRD was employed for structural characterisation and solid-phase 

identification using Bruker, D8 serial number 202288 (Bruker, Kahlsruhe, 

Germany) with: Nylaflo® nylon membrane filter, 47 mm, 0.45 μm pore size (Pall 

Gelaman Sciences, Michigan, USA) for filtration of the mobile phase, Metler 

Toledo (AL) analytical balance (Leicester, UK), ELGA ultra-pure water 

dispensing system (High Wycombe, UK) and Ultrasonic Bath (Decon 

Laboratories,  Hove, UK). 

3.2.10 Evaluation of ex-vivo particle deposition of dry powder inhaler and 

budesonide formulations 

The apparatus and software used were: 

• Next generation cascade impactor (Copley Scientific, Nottingham, UK) 

• Critical Flow Controller Model TPK (Copley Scientific Ltd, Nottingham, 

UK) 

• Electronic Flow meter Model DFM (Copley Scientific Ltd, Nottingham, UK) 

• Copley Inhaler Testing Data Analysis Software (CITDAS), Version 2.00, 

(Copley Scientific Ltd, Nottingham, UK) 

• Inhaler Devices: Easyhaler® and RS01® dry powder inhaler 
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3.3 Methods 

3.3.1 Air jet milling for particle size reduction of mannitol 

A high speed jet of compressed air or inert gas is used to cause particles to 

collide. Particle size is typically controlled by varying injection and grinding 

pressure or feed rate. Advantages are constant temperature and no generation 

of heat. Micronisation of crystalline beta mannitol was conducted using FPS 

Spiral Jet Mill (FPS, Italy). 

 

Figure 3-1 Spiral jet mill (FPS, Italy) 

The FPS Spiral Jet Mill comprises a labofeeder and labomill. The labofeeder 

was connected to the labomill and to the power supply. All components of the 

spiral jet mill were securely held together with connection clamps. The injector, 

grinder and shaking lines of the labomill were attached according to 

instructions. A filter provided by the manufacturer was positioned in the vibrating 

area. The labofeeder was controlled by a switch located on the front of the 

spiral jet mill. The sample feed rate was operated by a speed controller which 

was set at the moderate rate for each of the samples. The products were 

collected from the container after micronised 5 gram of the sample was 

produced. The gas which was used in this work was compressed air and 

adjusted up to 10 bar pressure. The injection pressure line was then opened to 

the required level followed by the grinding pressure line. The pressure of these 
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two lines was controlled through an injector/grinding pressure regulator on the 

front of the spiral jet mill. Pressure readings were recorded from the 

injector/grinding pressure displays. The labofeeder was then switched on and 

the sample started passing from the sample unit to the mill chamber. The 

products were then collected in a container placed in the bottom of the mill and 

stored above silica desiccant to prevent moisture affecting the sample before 

the characterisation test was carried out. 

3.3.2 Crystallisation 

Polymorphs were crystallised by adding a known amount of mannitol to distilled 

water followed by slow solvent evaporation or cooling, curing, filtration and 

drying. Antisolvent precipitation, filtration and drying were also used. 

3.3.3 Powder particle characterisation 

The importance of understanding the role played by physicochemical and 

micromeritic properties in the interaction of carrier and drug has resulted in the 

use of diverse measurement techniques, including differential scanning 

calorimetry (DSC), dynamic vapour sorption (DVS) and inverse gas 

chromatography (IGC). A number of these measurement methods from the 

groups shown in Figure 3.2 were used together in order to gain the fullest 

possible picture of the material under diverse conditions.
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Figure 3-2 Particle characterisation techniques. 

Source: adapted from Gibson (2009) 

3.3.3 Particle size analysis (laser diffraction) 

Particle size directly influences important properties such as flowability, rate of 

dissolution, homogeneity of distribution and, in inhaled asthma treatment, 

dispersion and deposition. Measurement of particle size is typically conducted 

with laser diffraction, which involves a sample being illuminated in a parallel 

laser beam. Light passes through a lens onto a photosensitive detector and is 

scattered at angles which are inversely proportional to the size of the particles. 

The concentration of particles on the detector, as analysed by software, 

indicates the distribution. 

In this study, particle size analysis was performed with HELOS H2419 

(Sympatec, GmbH, Germany). Calibration used a standard silica sample 

supplied with the apparatus (Sympatec, UK). 

Laser diffraction yields particle sizes based on the equivalent diameter of a 

sphere which has the same diffraction pattern. Not all particles are round and so 

Shekunov et al. (2007) state that, for irregular or needle-shaped particles, 

returned values based on diameter should be checked against images. 

DiMemmo et al. (2011) used optical microscopy with image analysis (OM/IA) to 

compare particle distribution results for round beads from laser light scattering 

and two other methods and found OM/IA to be the most accurate. 
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3.3.4 Scanning Electron Microscopy (SEM) 

SEM uses a focused beam of electrons to scan a sample, offering images with 

a very high resolution and depth of focus. An electron gun at the top of the 

microscope fires the beam which travels downwards through electromagnetic 

fields and lenses to focus the beam on the sample. Vacuum conditions reduce 

or minimise unwanted scattering of gas molecules (Storey and Ymén 2011). As 

the electrons interact with atoms in the sample, signals are produced and are 

collected by detectors, enabling an image to be generated on a screen 

(Mohamed 2009). 

Images are improved by coating samples with a conductive layer of metal to 

enhance the secondary signal, enable fine detail x-ray analysis and limit heat 

damage. Frequently used metals are gold and platinum, with iridium and 

chromium used in high vacuum sputter coaters. The selection of coating is 

determined by the resolution required. An inert gas, usually argon, is used to 

create a condition of glow discharge within which the metal to be sputtered is 

located at the cathode and the sample to be coated is located at the anode and 

the resulting electric field used to create the coating. 

SEM images can confirm or modify data from particle size analysis as noted by 

Shekunov et al. (2007), yielding information about surface texture, topography 

and shape in addition to size. In this study SEM was performed using a Quanta 

400 SEM (FEI Company, Cambridge, UK). 

3.3.5 Dynamic Vapour Sorption (DVS) 

DVS provides essential data regarding stability of a material in processing and 

storage conditions. Sample mass is measured as a function of relative humidity 

(Craig and Galwey 2007). This typically involves using a modified electronic 

microbalance, with a lightweight arm and electric coil in a magnetic field. An 

optical sensor detects movements of the arm which create an electric current in 

the coil, which in turn restores the balance to its equilibrium position. The entire 

microbalance is contained in a thermostat in order to maintain constant 

temperature, allowing controlled variation of relative humidity. Known relative 

humidity values are derived from deliquescent salts (Mercury CSD 2.0). The 

most commonly used vapour is water, although a decision is required regarding 

the increments by which the relative humidity should be increased; a typical 

choice is either a linear ramp or 5–10% steps. 
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3.3.6 Thermal methods of analysis 

Thermal analysis tests are techniques which measure changes in the physical 

properties of materials as a function of temperature. Some of these methods 

are used to study the solid state properties of samples during formulation. Two 

widely used techniques are Differential Scanning Calorimetry (DSC) and 

thermogravimetric analysis (TGA). 

3.3.6.1 Differential Scanning Calorimetry (DSC) 

DSC is a thermodynamical tool used to determine physical properties of a 

material, such as the melt temperature (Tm) or glass-transition temperature (Tg) 

and changes in properties, such as recrystallization, or polymorph and solid 

form transitions. It does so by directly assessing the heat energy uptake which 

occurs in a sample within a regulated increase or decrease in temperature. 

Measurement of temperature and heat flows as a function of temperature and 

time yields quantitative and qualitative information about physical and chemical 

changes related to endothermic and exothermic processes (Gill et al. 2010). 

In DSC, the power needed to heat (or sometimes cool) a sample is compared 

with an inert reference. There are two main DSC designs, one which heats the 

sample and reference separately (the power compensation model), and one 

which heats them together (the heat-flux model). In a heat flux design, used in 

this research, the temperature difference between sample and reference 

material is permitted to vary in accordance with a specific program. The 

difference in temperature is calculated as a function of temperature, based on 

conversion of signal to heat flow. The power change in the sample is directly 

proportional to the difference in temperature. The power signal consists of the 

effects of heat capacity together with any chemical reactions or phase 

transformations in the sample. Two materials at the same temperature may 

contain different amounts of heat; greater heat produces a higher rate of 

molecular movement, and the corresponding rise in temperature is dependent 

on how molecular movements (rotations, translations and vibrations) use the 

energy. Different materials therefore have different melting points and 

enthalpies of fusion and there are a number of inert reference materials for 

which these are known and certified (Haines 2002). 

Heat flux DSC has a slower scan rate than heat flow DSC. A faster scan rate 

will generate a greater difference between sample and reference readings, so 
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rapid heating can generate broader peaks giving high sensitivity but poor 

resolution, whereas slower scan rates will yield data with good resolution but 

relatively poor sensitivity (Reading and Hourston 2010). 

In addition to these general principles, some DSC models employ a linear 

heating rate, while others use a modulated-temperature based on a periodic 

function in order to improve the isolation of irreversible kinetic events from 

changes in heat capacity (Reading and Hourston 2010; Gaisford and Saunders 

2013).  

Interpretation of data is related to the choice of heating rate, thus it is suggested 

that heating a sample for a second time or using two heating rates can assist in 

accurate interpretation (Louey et al. 2003). 

DSC is used to study and evaluate phase transitions and changes in polymorphic 

structure of a substance after processing or during storage. It is the measurement 

of the variation of the total energy which is required to increase the temperature 

of a sample and an inert reference as a function of temperature. Both the sample 

of interest and the reference are kept up at the same temperature during the 

experiment. The temperature program in the DSC experiment is set so that the 

temperature of sample holder increases linearly as a function of time. 

In this study, DSC analysis was performed on the TA Instruments Q2000 Series 

Thermal analysis system (TA Instruments, West Sussex, UK). Calibration of the 

analysis system (TA Instruments, West Sussex, UK) used a pure indium standard 

(melting point 156.60 °C) and was confirmed with a zinc standard (melting point 

419.50 °C). 

3.3.6.2 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) detects changes in the weight of samples as 

temperature changes or, isothermally, as a function of time. This technique 

enables thermal stability to be quickly determined in addition to detecting water 

loss and degradation temperatures of materials. Accurate measurement of the 

sample mass is obtained by means of a high precision balance, typically using 

an inert platinum plan, and carefully controlled heating is used to determine the 

temperature at which transition occurs, with a purge gas at optimised flow rate 

ensuring a stable environment and thus that only the sample is weighed (Craig 

and Galwey 2007). 
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The kinetics of dehydration can be examined in greater detail by considering the 

results of TGA together with DSC and PXRD. Moreover, it is proposed that 

greater understanding of the kinetics of loss in dosage forms could improve the 

design of both manufacturing processes and devices (Craig and Galwey 2007). 

3.3.7 Powder X-ray diffraction (PXRD) 

X-ray diffraction is considered the gold standard for solid-phase identification 

(Dicken et al. 2015). Widely used in screening the solid crystal form of organic 

crystalline substances in order to establish the structure, X-ray diffraction also 

identifies any hydrates or other molecular adducts resulting from the 

crystallization process (Aaltonen et al. 2009). PXRD permits the evaluation of 

processed materials. A diffraction pattern of scattered radiation is produced on 

a detector plate by aiming a monochromatic X-ray beam at a sample. Varying 

the angle between the radiation source and detector plate enables the intensity 

of the radiation to be plotted against the angle of incidence, revealing repetitions 

in the pattern and any areas lacking repetitions. The latter indicate less 

crystallinity. By applying Bragg’s equation, different polymorphs of the same 

material can be identified (Bhattacharya and Suryanarayanan 2009). 

Detection of polymorphic forms is important, since differing solid-state 

properties can be associated with differing levels of API bioavailability in 

addition to different behaviours in processing and altered storage life. 

3.3.8 Powder surface free energy characterisation using Inverse Gas 

Chromatography (IGC) 

IGC is useful in pharmaceutics, because it measures the impact of milling and 

other manufacturing processes on bulk and surface material properties 

(Thielmann et al. 2007; Heng and Williams 2011; Luner et al. 2012), such as 

drying techniques (Buckton et al. 1999) and the relationship between relative 

humidity and surface energy which may be important for storage (Buckton et al. 

1999; Das et al. 2009). One IGC study found that aerosol dispersion 

performance was inversely proportional to the surface energies of milled and 

spray-dried lactose carriers (Saleem et al. 2008). Thus, IGC is useful not only 

for the characterisation of surface properties for use in quality assurance in in 

pharmaceutical production such as identifying batch-to-batch variations 

(Ticehurst et al. 1994) but is of direct assistance in the development of DPI 

formulations. 
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Surface energy is the sum of the intermolecular forces which are due to 

interactions and cohesion between atoms and molecules. There are two types 

of interaction, dispersive and polar. Dispersive interactions (van der Waals 

interactions) are the result of short-lived variations in charge distribution. Polar 

interactions are the electrostatic forces (Coulomb interactions) between dipoles 

including hydrogen bonds.  

3.3.8.1 Inverse gas chromatography (IGC) 

Although it has been asserted that polymorphism constitutes a challenge for 

IGC, either because of instability in the course of analysis or because it is hard 

to isolate pure polymorph forms at the outset (Gill et al. 2010), IGC has been 

proposed as an appropriate method to distinguish between different polymorph 

energetics (Smith 2015). 

Widely used to analyse surface energy characteristics of pharmaceutical dry 

powders, IGC employs the known characteristics of solids, liquids or vapours as 

probes (Shyamala et al. 2013). The advantages of IGC lie in its capacity to 

provide information about a wide surface area and attendant interparticulate 

forces, together with its ability to handle irregular, heterogeneous surfaces and 

porous samples (Newell et al. 2001; Buckton and Gill, 2007; Shyamala et al. 

2013). However, in comparison with techniques such as atomic force 

microscopy (AFM), analysis using IGC takes a longer time. 

The physicochemical properties of a sample are detected by injecting known 

vapour probes via an inert carrier gas into a column packed with the sample. 

Surface energies are typically measured with a minute concentration of probe 

vapours injected into the sample, because very small concentrations of 

adsorbates are considered to interact with higher energy sites on the sample 

surface. Analysis of the intermolecular forces produced by the interaction yields 

the total surface energy. Data generated defines the basic and acidic 

properties, and acid-base adsorption energy in addition to the dispersive 

surface energy (Newell et al., 2001). IGC SEAs measure the surface energy of 

a solid by subjecting the solid sample to vapor probes of known properties and 

investigating the interface between the surface of the solid and other molecules. 

The retention time provides a measure of the degree of interaction between the 

non-polar and polar probes and the sample. 



 

42 
 

It is important to detect surface heterogeneity as this can be due to various 

causes including impurities in the materials. IGC using pulse injection of 

adsorption isotherms of a series of n-alkanes at specific concentrations can 

isolate underlying surface characteristics from possible effects of chemical 

interactions (Buckton and Gill, 2007). This method is appropriate for 

determining which process gives rise to more energetically homogenous 

samples which have correspondingly fewer amorphous regions (Newell et al., 

2001; Jones et al., 2012). 

3.3.8.2 Surface energy calculation method  

Various methods have been used to calculate surface energies which means 

that the surface free energy (SFE) values for a specific solid substance may 

differ slightly according to the assumptions which have been made. Varying 

values have been reported for polar probes (Della Volpe and Siboni 1997; Della 

Volpe et al. 2004; Das et al. 2010; Shi and Qi 2012) due to different methods of 

calculating the SFE. Mohammad (2015) reported the lack of an overall method 

to verify how accurate the different measured values were and introduced a 

calculation to reduce the uncertainty range of the results and therefore his 

methods have been used in the present study (Mohammad 2013; Mohammad 

2015). His calculations used the chromatographic adhesion law (K(a)(i) =e(ΔEai 

/kT)  in which K(a)(i) is the adhesion retention factor of a chemical group, ΔE(ai) 

is the increased chromatographic adhesion energy attributable to the chemical 

group and kT is the thermal kinetic energy of the molecule containing the group. 

With this method, ΔEai is then used to calculate the dispersive component 

(γ(dS)), the electron acceptor component (γ(+S)) and electron donor component 

(γ(−S)) of the surface energy of the solid. The chromatic adhesion law states 

that the logarithm of the chromatographic adhesion retention factor of a 

chemical group is directly proportional to its additive contribution to the 

chromatographic adhesion energy and is inversely proportional to the thermal 

kinetic energy of the molecule containing this group. The law is derived from a 

combination of the Van Oss–Good–Chaudhury theory, the Dorris–Gray 

equation, the Schultz equation, the Fowkes equation and group contribution 

theory (Mohammad 2013). 

Total surface free energy is given by Equation 1: 

sp

s

d

s

total

s  +=        (1) 
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Where, 
total

s is the total free surface energy, 
d

S  is the dispersive surface energy 

and 
sp

s  is the specific free energy. 

Surface properties are expressed with the dispersive retention factor 𝐾𝐶𝐻2

𝑎  , the 

electron acceptor retention factor 𝐾𝑙+
𝑎 , and the electron donor retention factor 𝐾𝑙−

𝑎 , 

based on the measured retention times of probes: 

The equation for the dispersive retention factor is Equation 2: 

ln tn= (ln KCH2

a ) n + C  (2) 

Where tn is the net retention time of the n-alkane probes, n is the carbon 

number of the homologous n-alkanes,KCH2

a  is the dispersive retention factor of 

the powder sample and C is a constant. 

Net retention time (tn) is given by Equation 3: 

tn = (t
r

− t0)  (3)     

Where tr and t0 (dead time) are the retention times of the n-alkane adsorbing 

probes and a non-adsorbing marker, respectively. 

Dead time (t0) is given by Equation 4: 

 (4) 

 

The dispersive component of the surface energy (γ
s
d ) is given by Equation 5: 

γ
s
d =

0.477 (T ln KCH2

a
)
2
 

(αCH2)2 γCH2

  mJ.m-2  (5) 

The parameters of CH2 are calculated according to Equation 6:  

(αCH2
)2 γ

CH2
= - 1.869T + 1867.194   Å4.mJ.m-2  (6) 

 

The electron acceptor and donor retention factors,Kl+
a  and  Kl−

a  respectively, are 

given by Equations 7 and 8: 

(t0 = (trci+2trci  – (trci+1)2) / (trci+2 + trci  – 2tr ci+1))  
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Kl+
a = tnl+ tnl+,ref⁄                (7) 

Kl−
a = tnl− tnl−,ref⁄                 (8) 

Where +l is a monopolar electron acceptor probe such as chloroform or 

dichloromethane, −l  is a monopolar electron donor probe such as toluene or 

ethyl acetate , tnl+ and tnl+,ref are the retention times of  l+ and its theoretical n-

alkane reference respectively, and tnl− and tnl−,ref are the retention times of l− 

and its theoretical n-alkane reference respectively.  

The  tnl−,ref , tnl+,ref  are then calculated according to Equations 9 and 10: 

 

ln tnl+,ref = ln tnCi + (
αl+(γl+

d )
0.5

−αCi(γCi
d )

0.5

αCH2(γCH2)
0.5 ) ln KCH2

a      (9) 

 

ln tnl−,ref = ln tnCi + (
αl−(γl−

d )
0.5

−αCi(γCi
d )

0.5

αCH2(γCH2)
0.5 ) ln KCH2

a          (10) 

 

Where αCH2
 , γ

CH2
, αCi , γCi

d , αl+ , γl+
d , , αl− and γl−

d  are the cross–sectional area 

and the dispersive free energy of a methylene group, an n-alkane, l+ and l−, 

respectively.  tnCi is the retention time of the n-alkane. 

The retention factors are then used to calculate the electron donor component   

( −

S ) and acceptor component ( +

S )of a solid, according to Equations 11 and 

12: 

γ
s
− =

0.477 (T ln 𝐾𝑙+
𝑎 )

2
 

(𝛼𝑙+)2 𝛾𝑙+
+   mJ.m-2   (11) 

γ
s
+ =

0.477 (T ln 𝐾𝑙−
𝑎 )

2
 

(𝛼𝑙−)2 𝛾𝑙−
−   mJ.m-2      (12) 

Where 𝛾𝑙+
+  is the electron acceptor component of 𝑙+ and 𝛾𝑙−

−  is the electron 

donor component of 𝑙−. The units of 𝛼 are Å2 and of 𝛾 are mJ.m-2 in all 

equations. 
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Calculation of the specific free energy of the polar probes was based on values 

for polar probes taken from Das et al. (2010) and Mohammad (2013) as follows: 

ethyl acetate ( 𝛾𝑙−
− = 19.20 mJ/m2, 𝛾𝑙−

𝑑 = 19.60 mJ/m2, 𝛼𝑙−= 48.0 Å2) and for 

chloroform ( 𝛾𝑙+
+ = 3.80 mJ/m2, 𝛾𝑙+

𝑑 = 25.90 mJ/m2, 𝛼𝑙+= 44.0 Å2). 

The specific free energy of the polar probes is calculated according to Equation 

13: 

5.0).(2 +−= ss

sp

s 
 (13) 

Where 
sp

s  is the specific free energy, with γs 
– as the surface tension of the 

adsorbent and γs
+

 as the surface tension of the adsorbate. 

The work of cohesion ( cW ) between budesonide particles is given by Equation 

14:  

 total

cW 2=  (14) 

Where γtotal the total surface energy. 

The work of adhesion ( aW ) between budesonide and mannitol carrier particles 

is given by Equation 15: 
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  (15) 

Where 
d

1 , 
sp

1  are the dispersive and specific energies of budesonide particles, 

and 
d

2 , 
sp

2 , are the dispersive and specific energies of mannitol carrier 

particles. 

3.3.9 High Performance Liquid Chromatography (HPLC) 

HPLC works on the principle of separating the various substances in a mixture, 

using high pressure to force a gas or liquid (mobile phase of a substance) 

through a solid, gel, or liquid distributed on a solid (stationary phase of a 

substance). In reversed-phase HPLC, the mobile phase is polar, thus its 

hydrophobic molecules have a propensity for adsorption to the hydrophobic 

stationary phase, whereas its hydrophilic molecules continue through the 
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column to be eluted first. A small amount of sample is injected into the high-

pressure stream of gas as shown in Figure 3.3. 

 

Figure 3-3 Schematic diagram of HPLC 

3.3.2.1.1 Preparation of HPLC mobile phase 

HPLC mobile phase was prepared by mixing (70 % v/v) of acetonitrile HPLC 

grade with (30 % v/v) of distilled water in a volumetric flask. The solution was 

then filtered under using 45mm nylon filter and degassed by sonication under 

vacuum for 15 minutes. 

 

3.3.2.1.2 Preparation of aqueous standards 

10 mg of budesonide was weighed and transferred to a volumetric flask then 

dissolved in 100ml of the acetonitrile-water solution. The solution was then 

filtered through syringe filter (0.33 micrometre diameter) to remove any material 

that had not dissolved. 

Serial dilution was used to prepare the budesonide standard solution as follows: 

10 ml were taken from stock solution and the volume completed to 100 ml to get 

10 microgram/ml. 

5 ml were taken from stock solution and the volume completed to 100 ml to get 

5 microgram/ml. 
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15 ml were taken from stock solution and the volume completed to 100 ml to get 

15 microgram/ml. 

30 ml were taken from stock solution and the volume completed to 100 ml to get 

30 microgram/ml. 

3.3.2.1.3 Optimised HPLC conditions 

The HPLC methods were developed and validated according to ICH and FDA 

guidelines. The validation parameters that were assessed are: linearity, 

sensitivity, precision and accuracy.  

Linearity: 

A linearity curve shows the relationship between the instrument response and 

known concentrations of the analytes. According to ICH (1996) and FDA (2001), 

linearity is the ability of the analytical method to yield results which are directly 

proportional to the defined concentrations of the analytes. Determination of 

linearity typically employs a series of five different concentrations of analytes 

with a replicate measurement. 

The regression line represents the equation: y=mx + c, where C is the intercept 

point with the y-axis and M is the slope of the regression line. The correlation 

coefficient (R2) represents the degree of linearity of the relationship. When the 

value of the coefficient R2 is one, complete linearity is indicated. 

Sensitivity: 

The sensitivity is represented by the Limit of Detection (LOD) and the Limit of 

Quantification (LOQ). Limit of Detection is the lowest concentration of the 

sample or the analytes which could be detected by the analytical method. LOD 

is determined by using the standard deviation (ICH 1996). 

 

Where σ is the standard deviation of Y-intercept and S is the slope of the 

calibration curve. 
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Limit of Quantification is the lowest amount of the sample which can be 

quantified by the applied assay with an acceptable level of accuracy and 

precision. LOQ is determined by the following equation: 

 

Where σ is the standard deviation of Y-intercept and S is the slope of the 

calibration curve. 

Precision: 

Precision is a measure of how close the agreement is between a series of 

measurements obtained from multiple sampling of the same homogeneous 

sample under the prescribed conditions. Precision is typically calculated using a 

minimum of five determinations for each concentration. It is recommended to 

use three concentration levels in the range of expected concentration. Precision 

is divided into intra-day precision (within the day) and inter-day precision 

(between the days). The precision is expressed as the relative standard 

deviation as a percentage (RSD%) which is known as coefficient variation (CV). 

Accuracy: 

The accuracy of analytical methods expresses the closeness of agreement 

between the obtained values and the true values of the analytes. According to 

ICH (1996) and FDA (2000) guidelines, it is measured by a minimum of five 

determinations for each concentration. 

Selection of Detection Technique 

UltraViolet (UV) light is the preferred detection technique. Almost every 

chemical absorbs UV light at specific wavelengths and the UV absorption can 

be linked to the concentration of chemical using Beer’s law. Standards (known 

concentrations) of molecules of interest can be passed through the UV detector 

and the response measured. Plotting standards against detector responses 

produces a calibration curve, which can then be used to measure an unknown 

concentration based on the UV response. The wavelength range used in UV 

detection for HPLC is typically between 200 – 400 nm, which covers UV 

together with the lower part of the visible spectrum. A scanning diode array 

detector in full scan mode was used to scan relevant wavelengths of the 
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samples and generate the lambda max of the spectra. Conspicuous peak 

wavelengths which have the maximum signal to noise (S/N) ratio were used to 

select detection wavelength of 240 λ. 

Calibration Curve 

Peak areas were generated by standard stock solutions prepared by diluting 

from the stock solution of budesonide in acetonitrile and water. These values 

were plotted against the concentration to draw the curve and calculate Y, as 

shown in Figure 3.4. From this, Y was used to calculate the concentration of 

budesonide in each stage and then the concentration was multiplied by the 

amount of solution used to wash stages to calculate the amount of budesonide.  

 

 

Figure 3.4 HPLC calibration curve 

 

In summary, the conditions used in the in vitro analysis for budesonide in 

aqueous solutions included: 

Stationary phase: Phenomenex C18 Magellen, 150 mm X 4.6 mm i.d X 5 µm 

(Phenomenex, Macclesfield, Cheshire, UK). Phenomenex, Gemini-NX C18, 250 

mm X 4.6 mm i.d X 5 µm (Phenomenex, Torrance, USA). 

Concentration of drug 
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Mobile phase: (70 % v/v) of acetonitrile HPLC grade with (30 % v/v) of distilled 

water 

Flow rate: 1ml/min 

Temperature: room temperature (25 ℃) 

Injection volume: 100 μl 

U.V detection:  wavelength: 240 λ 
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Chapter 4 Crystallisation and characterisation of mannitol polymorphs 

4.2 Overview of crystallisation and characterisation of mannitol 

polymorphs 

This chapter reports the crystal engineering and analysis of preformulation 

solid-state phase intended for use with DPI comprising microparticles of carrier 

and budesonide. Common methods of crystallisation for use in dry powders are: 

solvent evaporation or extraction; solution cooling; melting; using anti-solvent; 

and precipitation. Kaialy et al. (2010a) showed that the crystallised polymorphic 

form of mannitol (alpha, beta or delta) depended on the method and conditions 

of crystallisation. Kinetic and thermodynamic properties differ according to the 

polymorph selected (Lee 2014). These properties affect the stability of 

formulations, together with the adhesive and cohesive forces which determine 

aerosolization, detachment of API from carrier delivery to lower airways. 

Understanding the characteristics of different polymorphs may enable selection 

of preferred characteristics and enhancement through crystal engineering. 

Previous studies have identified and confirmed three pure polymorphs of 

mannitol; alpha (α), beta (β) and delta (δ) (Burger et al. 2000; Cares-Pacheco et 

al. 2014; Lee 2014).  The importance of understanding the behaviour and 

characteristics of polymorphs (Section 2.8) is evidenced by the characterisation 

and quantification of polymorphic forms in these studies.   

Burger et al. (2000) identified three polymorphs, characterised by DSC and 

XRPD which corresponded to previously reported polymorphs, showing that 

additional forms which had been reported were mixtures of these three 

polymorphic forms.  Consensus terminology refers to these forms as alpha (α), 

beta (β) and delta (δ). Burger et al. (2000) proposed that the less 

thermodynamically stable δ polymorph was the most suitable for tabletting. 

Identification of the specific conditions that produce each form has not been 

straightforward (Franks and Auffret 2008). Kaialy et al. (2010b) dissolved D-

mannitol and recrystallised it from water and a series of anti-solvents (ethanol-

water in varying proportions), testing the different crystalline materials produced 

to determine their micromeritic properties. Different anti-solvents produced 

different mixtures of polymorphs. Smoother mannitol particles were associated 

with less homogeneous formulations containing SS but deposition assessed by 
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multi-stage liquid impinger and HPLC showed much higher FPF than the 

marketed Ventolin inhaler. 

Various methods have been reported in literature. Alpha mannitol was obtained 

by Burger et al. (2000) and Cornel et al. (2010) by adding 50 mL of acetone to a 

solution of 9 g of D-mannitol dissolved with stirring in 50 mL of water at room 

temperature. Crystal growth was observed after some 30 seconds and 

permitted for 3 minutes, before filtration and drying at 35 °C In another method, 

α mannitol was produced by melting D-mannitol at 200 °C then cooling at a rate 

of 10 °C/min (Ye and Byron 2008). Pure α mannitol has also been obtained by 

dissolution of D-mannitol in 60-65 °C water then using cold acetone as anti-

solvent to crash out of solution using (Smith et al. 2015). Cares-Pacheco et al. 

(2014) crystallised α mannitol by seeding and rapid cooling. D-mannitol was 

stirred for 2 hours in methanol at 60 °C for 2 hours to dissolve, and the 

suspension filtered, after which the filtrate was seeded with pure α form 

prepared with two heating-cooling cycles using DSC, before final rapid cooling 

for 30 minutes while vigorously stirred in an ice–ethanol bath. 

Beta mannitol was obtained by heating 24 g of D-mannitol to 170 °C and the 

resulting melt allowed to cool naturally to room temperature to form crystals 

(Burger et al. 2000; Bruni et al. 2009; Cornel et al. 2010). Cares-Pacheco et al. 

(2014) obtained pure β polymorph by crystallising D-mannitol aqueous solution 

(9 g D-mannitol in 50 g water) using acetone as an antisolvent. Solution was 

stirred for minimum 2 h at room temperature then filtered before 50 ml acetone 

was added at room temperature under vigorous stirring. Crystal growth was 

allowed to continue for 5 min or longer. 

In other methods described in literature, small amounts of δ mannitol have been 

produced by rapid cooling of an aqueous solution of mannitol to 0 °C followed 

by swift isolation of the solid before δ polymorph changes to the α or β form 

(Burger et al. 2000). The δ form was also produced from D-mannitol by cooling 

after melt at a cooling rate of 0.5 °C/min (Ye and Byron 2008). Some studies 

have used a mixture of β and δ produced by cooling aqueous mannitol solutions 

from 250 °C to 25 °C at a rate of 1 °C/min in a tray freeze-dryer, after which 

they were maintained isothermally for 12 hours before being heated at 1 °C/min 

to drying temperature of 215 °C and dried for 60 h at 50 mTorr pressure (Botez 

et al. 2003). Cares-Pacheco et al. (2014) obtained the δ polymorph by 

crystallising D-mannitol aqueous solution (9 g D-mannitol in 50 g water) using 
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acetone as an antisolvent. Solution was stirred for minimum 2 h at room 

temperature then filtered before 50 ml acetone was added at room temperature 

under vigorous stirring. In contrast to the β polymorph, crystal growth was 

restricted to 5 min. Large-scale production is reported to be difficult, although 

one study has indicated that spray drying an aqueous solution of 4:1 mannitol 

and polyvinylpyrrolidone (PVP) is successful (Vanhoome et al. 2016). 

Cares-Pacheco et al. (2014) employed IGC, in addition to DVS and dynamic 

contact angle measurements, to further develop understanding of the 

physicochemical properties of the polymorphs, focusing on surface energetics 

and comparing analyses of polymorphs with commercial Pearlitol 160C and 

200SD mannitol. The α polymorph had the highest specific surface and 

dispersive surface energies of the three polymorphs, with β and δ having similar 

surface energies. The surface energies of Pearlitol were higher than any of the 

polymorphs and higher in Pearlitol 200SD which contained a greater proportion 

of the α polymorph. It was concluded that the higher energy of α, together with 

its needle-shaped particles, made it suitable for use in DPIs. 

Comparison of morphology, flowability and FPF of freeze dried, spray dried and 

commercial mannitol formulations with salbutamol sulphate found that spray 

dried α-+β- forms exhibited better flowability, although less elongated than 

freeze dried α-+β-+δ-forms (Kaialy and Nokhodchi 2013). The morphology of 

the freeze dried mannitol was compared with that of spray dried mannitol; the 

latter demonstrated spherical morphology. The FPF of the freeze dried mannitol 

was higher than that of the commercial mannitol. The β- polymorphic form 

(commercial mannitol) had more angular morphology and good flowability 

(Kaialy and Nokhodchi 2013). The crystalline structure of polymorphic forms 

therefore influences the efficiency of drug delivery. 

Selection of the most suitable polymorph for use in the formulation stage of the 

present experiment required isolation and characterisation of mannitol 

polymorphs before the most suitable polymorph could be selected for use in the 

formulation stage. 

4.2 Method 

Methods were selected on the basis of their simplicity and relatively low cost. 

Polymorph alpha 
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Polymorph alpha was crystallised by slow solvent evaporation of 180 mg of D-

mannitol dissolved in 3 ml of purified water at 82 °C under reduced pressure 25 

mTorr using vacuum oven (ov-12 JIO TECH, Korea). 

Polymorph beta 

Beta mannitol was crystallised by stirring then cooling of saturated aqueous 

solution from 90 ˚C to 20 ˚C at an uncontrolled cooling rate (time taken 70 min) 

and curing for 12 hours, after which the precipitate was filtered and dried at 20 

°C until constant mass. Solubility of mannitol in water is given as approximately 

1 in 5.5 (Yi et al. 2005; Yalkowsky et al. 2010; Rowe et al. 2012).  

Delta mannitol 

Delta mannitol was crystallised by antisolvent precipitation. 3 g of D-mannitol 

were dissolved in 25 ml of purified water without stirring at 20 °C. 10 ml of the 

saturated mannitol solution was cooled to 0 °C, while antisolvent (acetone) was 

cooled to approximately 5 °C in the fridge. 25 ml of acetone was slowly added in 

drops from a syringe to the supersaturated mannitol solution. Precipitated 

mannitol was filtered and dried at 20 °C. 

Comminution of crystalline materials 

Crystalline materials were sieved to obtain particles of the three polymorphs in 

the desired size range of 63-93 microns. To obtain fine particles, comminution 

of the sieved crystalline materials was carried out using jet milling (PilotMill-

Zero, FPS, Italy). Materials were milled at a range of grinding and injection 

pressures. Table 4.1 shows the milling parameters which yielded particle sizes 

close to the desired fine particle size range, namely two grinding pressures 1 

and 2 bar, with three injection pressures of 2, 4 and 6 bar. Materials milled at 

grinding pressure 2 and injection pressure 6 achieved the optimal fine particle 

size range.  
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Table 4-1 Milling parameters 

 

 Injection pressure Grinding pressure  

Alpha n/a n/a 

 2 1 

 4 1 

 4 2 

 6 2 

Beta n/a n/a 

 2 1 

 4 1 

 4 2 

 6 2 

 

For SEM, prior to imaging all samples were prepared on carbon tape and 

sputter coated with approximately 11.3 nm palladium/gold using a K550X 

sputter coater (Quorum Emitech, Kent, UK). Images were taken at 100X, 500X 

and 1000X magnification levels. 

PXRD was performed with Bruker, D8 (MS, USA). Approximately 1 g of each 

powder was analysed in steps of 0.02° every 0.25 s with 10–50° angular range. 

A rectangular beam of size 0.6 mm was used to measure the samples which 

were spun at 15 rpm for maximum surface analysis. PXRD patterns were 

obtained in counts per second (cps). Calculated patterns for the mannitol 

polymorphs were obtained from the Cambridge Crystallographic Data Centre. 

For DSC, samples of 0.5-1.0 mg were accurately weighed into an aluminium 

pan. An aluminium lid, with a central pierced hole, was crimped on to the pan. 

Samples were heated under a stream of nitrogen gas from 25-300 °C with a 

heating rate of 100 °C/min. Stability over a period of 40 hours was measured for 

the alpha and beta mannitol polymorphs by heating samples from 30 °C to 200 

°C at heating rates of 2 °C/min, 10 °C/min, and 40 °C/min. Measurements were 

taken at 2, 10 and 40 hours. 
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TGA was performed using TA Q5000 (PE, USA). Temperature was calibrated 

using nickel as a ferromagnetic standard. Samples between 0.5- 1.0 mg, were 

accurately weighed and placed in an open pan which was then placed in the 

crucible attached to a microbalance. Samples were heated at a rate of 100 

°C/min from 25-3000 °C under dry nitrogen. Sample weight was monitored by 

microbalance to an accuracy of ±1μg throughout the experimental period. 

DVS was performed using DVS Intrinsic (Surface Measurement Systems, 

Alperton, UK) to determine moisture uptake by the different polymorphs and any 

attendant implications for stability during storage. Measurements were 

performed using 0.5–1.0 mg of comminuted samples at 25 °C and 40 °C, under 

a continuous nitrogen flow of 250 ml/ min in the relative humidity (RH) range 0-

95%. Relative humidity was increased in 5% steps and maintained at each 

partial pressure step until equilibrium was achieved, when the change in sample 

weight over time was less than 0.005% of initial weight. Calibration of the 

balance used calibration weights at 20 mg, 50 mg and 100 mg standards, and 

humidity conformance was assured with lithium bromide and lithium chloride 

standards. 

IGC was conducted using instrument from SMS (UK). Finite dilution inverse gas 

chromatography (FD-IGC) was used to progressively cover the complete 

surface of the investigated material and thus provide a picture of surface 

heterogeneity through the adsorption energy distribution of the various sites. 

For each powder (particle size 63-90micron), approximately 400 mg of powder 

was packed (filled with gentle tapping) into an IGC glass column (inner diameter 

2 mm). Dead volume was determined using methane, which exhibits minimal 

interaction with samples under the selected conditions. Prior to conducting 

surface energy related experiments, the specific surface area of each sample 

was first determined by measuring the octane adsorption isotherms at 25°C and 

0% relative humidity (RH). The BET specific surface areas of the samples were 

subsequently calculated from the corresponding isotherms, within a partial 

pressure range of 5 to 35% P/P0. 

Experiments were run at a series of surface coverages between 0.005 to 0.15 

with both non-polar-probe molecules (n-alkanes; heptane, hexane, octane, 

nonane and decane) and polar-probe molecules (ethyl acetate and chloroform). 

Adsorption isotherms were measured at 25°C and 0% RH with 10 ml/ min 
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helium carrier gas. Retained retention time was used to analyse dispersive 

surface energy (γSD) and acid base free surface energy of adsorption (∆GSP). 

Molecular modelling was based on three different crystal structures of mannitol 

which were obtained from the Cambridge Structural Database (Cambridge 

Crystallographic Data Centre, Cambridge, UK, CSD version 5.36, 2016): D-

mannitol DMANTL08 P212121 D_ 5.4 100K; D-mannitol DMANTL09 P212121 

D_ 3.6 100K; and D-mannitol DMANTL10 P21 D_ 3.1 100K (Fronczek et al, 

2003). These structures were used to produce and validate the forcefield 

(Saxena et al. 2007) and molecular mechanics calculations based on the 

DREIDINGII force field (Mayo et al., 1990) were employed to optimise 

molecular co-ordinates and crystal lattice parameters. Crystal structures were 

minimised with Forcite (BIOVIA Materials Studio) using the Drieding force field 

and Gasteiger point charges to locate the lowest energy geometries and unit 

cell parameters for the force field. From the structures the morphology was then 

predicted using the attachment energy method in Materials Studio 

(https:/accelerys.com). 

4.3 Characterisation of mannitol polymorphs 

The mannitol polymorphs were certified as pure and showed no evidence of 

contamination by other polymorphic forms. The diffraction patterns are unique 

to each polymorphic form and, in particular for alpha and beta, were 

comparable to those found in the Cambridge database (Mercury CSD 2-0). The 

resulting lattice energies were in good agreement with the Cambridge database 

order (α-128.50 kcal/mol, β -136.60 kcal/mol, δ: -67.80 kcal/mol) indicating the 

force field is suitable for describing this system. The resulting morphologies 

were similar for all three systems with prismoidal morphologies being predicted 

for all systems. 

Figures 4.1 to 4.3 show that all three polymorphs have elongated particles, with 

a distinct shape for each polymorph. Alpha has the thinnest sticks (Figure 4.1), 

in agreement with Cares-Pacheco et al. (2014). Alpha also has the smoothest 

surfaces which indicate that drug to carrier adhesion forces may not be 

sufficient to carry the API to the lower airways. Delta has the highest number of 

very small fragments attached to its surfaces which may reduce flowability. 

Smaller particles of beta mannitol appear to attach to larger ones (Figure 4.2), 

in agreement with Cares-Pacheco et al. (2014). An investigation by Kaialy et al. 
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(2011) into the impact of the elongation ratio of carrier particles found that whilst 

a higher ratio led to increased delivery of salbutamol sulphate to the deeper 

airways, beyond a certain threshold deposition in the throat and amount in the 

device increased. A high elongation ratio was associated with poor flowability, 

which would impair aerosolisation. 

 

  

Figure 4-1 SEM image of alpha mannitol 
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Figure 4-2 SEM image of beta mannitol 

 

Figure 4-3 SEM image of delta mannitol 
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4.3.1 Powder X-Ray Diffraction (PXRD) 

The sharp peaks in PXRD patterns for the theoretical (reference) and 

crystallised polymorphs shown in Figure 4.4 indicate high crystallinity of the 

crystallised mannitol polymorphs. 

 

Figure 4-4  PXRD diffraction patterns for alpha, beta and delta mannitol, theoretical (reference) and 
crystallised 

Notes: a. crystalline pure delta; b. theoretical delta mannitol; c. crystallised pure alpha; d. 

theoretical alpha mannitol; e crystallised pure beta; f. theoretical beta mannitol 

4.3.2 Stability of mannitol polymorphs 

Thermogravimetric analysis (TGA) was used to analyse thermal stability and 

water loss up to a temperature of 200 °C. Figure 4.5 indicates stability up to just 

below 160 °C, after which slight weight loss due to dehydration was noted in the 

alpha and beta samples, with a more noticeable (light) loss in the delta sample. 

Weight loss due to degradation followed, with the steeper curve for delta 

mannitol indicating greater weight loss due to degradation than occurred in the 

alpha and beta polymorphs. 
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Figure 4-5 Thermogravimetric analysis showing dehydration onset 

Notes: a alpha mannitol   b beta mannitol     d delta mannitol 

Physico-chemical properties such as melting point and heat of fusion obtained 

from DSC showed very little difference between alpha and beta forms of 

mannitol (Figure 4.6). Delta mannitol melted at 155 ˚C before recrystallising to 

alpha mannitol (Figure 4.6), indicating instability of the delta form. 

No detectable events (e.g. dehydration endotherm) were observed below 100˚C 

for either the α- or β- polymorph samples. Indeed, α- and β- mannitol have 

comparable melting enthalpies thus their melting points differed only slightly, 

166.52 ˚C and 166.29 ˚C respectively. Barreneche et al. (2013) reported these 

as 167 ˚C and 166 ˚C. Heat of fusion was 251.3 J/g for alpha and 195.9 J/g for 

beta, values close to those reported by Barreneche et al. (2013).  
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Figure 4-6 DSC for alpha, beta and delta mannitol 

 

The greater thermal instability of delta mannitol is supported in the literature 

which states it is difficult to isolate, process at large-scale (Vanhoome et al. 

2016) and store (Yoshinari et al. 2002). It was therefore decided at this point to 

focus on the alpha and beta polymorphs for further engineering and analysis.  

4.4 Particle size analysis after milling 

Table 4.2 presents the particle sizes after milling. It is suggested that the d50 

value of fine particles should be 5 microns or less, and the larger of the two 

values below 5 microns was selected because it is recognised that very small 

particles are likely to be exhaled or may agglomerate around a coarse carrier 

particle. Neither of these factors will improve flow or deposition performance of 

a formulation. 

Notes: 

a alpha mannitol 

b beta mannitol 

c delta mannitol 
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Table 4-2 Particle sizes after milling 

 Injection 
pressure 

Grinding 
pressure  

d10 d50 d90 

Alpha n/a n/a 0.99 7.15 60.19 

 2 1 1.18 7.27 55.73 

 4 1 1.05 5.21 42.13 

 4 2 0.85 2.4 7.1 

 6 2 0.84 2.44 8.89 

Beta n/a n/a 1.19 7.09 23.1 

 2 1 1.21 5.56 15.83 

 4 1 1.3 6.53 19.46 

 4 2 0.98 3.6 11.27 

 6 2 0.98 3.69 10.69 

 

SEM after milling is shown in Figures 4.7 and 4.8. It can be seen that the needle 

length of both alpha and beta mannitol was shortened by milling, indicating that 

the crystals fractured on the (011). The images also demonstrated considerable 

reduction in particle size, indicating cleavage at the fracture planes of the 

crystals and probable fracture at the (010) plane. A milled recrystallized crystal 

of mannitol has been shown to cause fracture at the more hydrophobic (010) 

and more hydrophilic (011) planes (Ho et al. 2012). Ho et al. (2010) determined 

that the (011) plane had the greatest numbers of accessible hydroxyl groups, 

allowing higher uptake of moisture before competition with acid and basic 

probes occurs. Cleavage at (011) reduces needle length while cleavage at 

(010) reduces needle width (Koner et al. 2015).  
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Figure 4-7 SEM image after milling alpha mannitol 

 

 

 

 

 

 

 

Figure 4-8 SEM image after milling beta mannitol 

The effect of fracture on the different planes was investigated by Ho et al. 

(2012) and Koner et al. (2015) as shown in the schematic diagram in Figure 4.9. 

The surface energies were affected by the fracture; fracture at the (011) plane 

led to lower dispersive energy, higher polar energy and higher total energy, 

while fracture at the (010) plane resulted in higher dispersive energy, lower 

polar energy and lower total energy (Ho et al. 2012). 
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Source: Koner et al. (2015), Figure 1 

Figure 4-9 Schematic diagram of fracture of mannitol crystal at (010) and (011) planes 

4.5 PXRD after milling 

PXRD was run after milling, to determine stability following processing. Results 

show that both alpha and beta polymorphs were unchanged by jet milling 

(Figure 4.10). The absence of new peaks, when compared to theoretical 

powder patterns, indicated that no detectable physical polymorph 

transformation had taken place during comminution. 
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Figure 4-10 PXRD of alpha and beta mannitol after jet milling 

a. alpha mannitol after jet milling   b. theoretical alpha mannitol   c. beta mannitol after jet milling      

d. theoretical beta mannitol 

The broader peaks after milling are indicative of an increased quantity of 

smaller particles and the reduced height of the peaks in milled beta mannitol 

corresponds to altered intensity of diffracted x-rays (Koner et al. 2015). These 

are also related to loss of crystallinity and preferential cleavages. PXRD results 

considered together with DVS and DSC results indicate that the polymorphic 

forms remained unchanged after milling. 

4.5.1 DVS 

In order to initially assess physical stability of polymorphs alpha and beta, 

materials were exposed to humidity in 0-90% range under DVS conditions at 25 

˚C and 40 ˚C. Polymorph beta was physically stable, whereas polymorph alpha 

partially recrystallised to polymorph beta (more noticeably at 25 ˚C and 90% 

RH), indicating physical instability under humid conditions (Figure 4.11) 

regardless of applied temperature. Alpha mannitol was run at both 25°C and 

40°C to check stability. 
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Figure 4-11 DVS results alpha and beta mannitol 

Notes: RH relative humidity; A: β mannitol exposed to 0-90-0% RH cycle at 25 °C; B: α mannitol 

exposed to 0-90-0% RH cycle at 25 °C; C: α mannitol exposed to 0-90-0% RH cycle at 40 °C. 

 

PXRD was used to analyse alpha and beta mannitol after the DVS run in order 

to confirm stability of crystallised materials (Figure 4.12). No new peaks were 

detected except in alpha where it had partially recrystallized to beta. 
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Figure 4-12 PXRD after DVS 

Notes: a. alpha mannitol after DVS run at 40°C     b. Alpha mannitol after DVS run at 25°C     c. 

crystallised pure alpha mannitol      d. theoretical alpha mannitol e. beta mannitol after DVS run 

at 25°C     f. crystallised pure beta mannitol      g. theoretical beta mannitol 

 

4.6 Inverse gas chromatography (IGC) 

Surface energies (dispersive, polar and total) at 25 °C and 0% and 90% RH are shown 

in Figures 4.13 to 4.15.  
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Figure 4-13 Mannitol beta and alpha analysed at temperature 25 °C and relative humidity 0% first run, 
particle size 63-90 micron   Red = alpha Blue = beta 

 

Figure 4-14 Mannitol beta and alpha analysed at temperature 25 °C and relative humidity 90% first run, 
particle size 63-90 micron   Red = alpha Blue = beta 

 

Figures 4.13 and 4.14 show that dispersive surface energy and total surface energy 

were slightly higher for both alpha and beta mannitol after exposure to RH 90%. A 

second run at RH 0% confirmed the difference (Figure 4.15). This may be related to the 

tendency of alpha to recrystallise to beta (PXRD after DVS, Figure 4.12) which is 

increased following exposure to RH 90%. Yoshinan et al. (2002) attributed this to water 

disrupting the hydrogen bonds in alpha polymorph.  
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4.7 Conclusion 

The relative stability of the alpha and beta polymorphs can be affected by factors in the 

crystallisation process, including temperature, stirring, solvent and molecular structure 

(Kitamura 2009). In this study, the instability of alpha indicated by partial transformation 

to beta at 25 °C is, in the absence of solvents other than water, attributable to 

relationships in the polymorph system and the effect of water on transitions. Ostwald’s 

rule proposes that in general a transition is observed for the less stable polymorph to 

the nearest metastable polymorph and eventually to the most stable, assuming 

unchanged conditions and monotropism. Dierks and Korter (2016) have indicated 

enantiotropic transitions between beta and delta at around room temperature, and 

monotropism between alpha and beta. Increasing humidity, rather than temperature, 

causes structural change. This is interpreted as the result of disruption of hydrogen 

bonds in alpha polymorph by water molecules, in line with the reported findings of 

Yoshinari et al. (2002) regarding the transition from delta to beta polymorph. 

The increase in dispersive surface energy seen in IGC results differs from results found 

for lactose (Das et al. 2010) and a variety of other substances. It is proposed that 

higher hygroscopicity of mannitol allows greater wetting of the surfaces through binding 

to hydroxyl groups over a wider surface area following milling. For single beta D-

mannitol crystals, Ho et al. (2010) identified that the (011) plane presented the most 

wettable surface with the highest numbers of accessible hydroxyl groups. This enables 

greater uptake of moisture before competition with acid and basic probes arises 

(Mohammad et al. 2010). An increase in water on the surface corresponds to 

increasing disruption of hydrogen bonds with an associated increase in dispersive 

surface energy. 

Based on results presented in this chapter, the most suitable mannitol polymorph for 

use as a carrier is the beta form due to its greater stability in humid conditions, a 

particularly important consideration for inhaled dry powders. Moreover, production 

need not involve the use of solvents other than water. The IGC results have confirmed 

the stability and the lower Gibbs free energy points towards greater stability under 

manufacturing and storage conditions. Beta mannitol was therefore selected for the dry 

powder formulation and ex vivo stages of this research. 
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Chapter 5 Dry Powder Formulation of budesonide with crystallised 

mannitol and inhalation grade commercial mannitol with and without 

crystallised milled fines 

5.1 Overview 

The purpose of this study was to produce homogeneous formulations of 

budesonide with different carriers for use in the ex vivo experiment described in 

chapter 6. Budesonide was mixed with four different carriers: crystallised milled 

beta mannitol described in Chapter 4; crystallised beta mannitol with milled 

fines prepared from the same material; inhalation grade commercial mannitol; 

and inhalation grade commercial mannitol with crystallised milled beta mannitol 

fines. Comparison was made with marketed Easyhaler® 200 g (lactose-

budesonide). 

The physicochemical properties of drug substance and drug carrier determine 

formulation properties of stability, dispersibility and separation of drug from 

carrier (Telko and Hickey 2005; Guenette et al. 2009; Donovan and Smyth 

2010). Formulation is also affected by cohesive and adhesive forces of drug-to-

drug cohesion and drug-to-carrier adhesion (Kaialy et al. 2012a; Peng et al. 

2016). Carrier particles can assist in reducing cohesion of powder particles, 

while improving flow and aerosolization (Louey et al. 2004; Telko and Hickey 

2005; Jones et al. 2010) but typically require engineering to achieve desired 

formulation properties (Kaialy et al. 2010a, 2010b). Particle size engineering 

affects the properties of the carrier and formulation, as reviewed by Jones and 

Price (2006). 

Properties of the formulation and inhaler have a considerable effect on in-vitro 

DPI performance (Adams et al. 2012) which is a vital stage in the development 

of any new inhaled powder before clinical trials. There are various in-vitro and 

ex vivo methods for assessment of emitted dose, some of which are mandatory. 

In vitro assessment of emitted dose conducted by drawing 4.0 L of air through 

the inhaler at a pressure drop of 4 kPa, as used in the present study, is required 

by the European and United States Pharmacopoeia (USP 37-NF32, Chapter 

2014, Ph.Eur. 9.0, 2.9.18).  

An even distribution of API is important for ensuring that an inhaled powder 

reaching the lower airways carries a very similar percentage of drug to all parts. 

Particle sizes should be within a narrow range for the same reason.  
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The effect of fines added to coarse carrier particles on flowability and deposition 

has been investigated in a number of studies including Grasmeijer et al. (2014), 

Kinnunen et al. (2015) and Boshhiha and Urbanetz (2009, 2018) among others 

and, specifically with mannitol, Tee et al. (2000) and Karner and Urbanetz 

(2013). Studies have used various sizes of fines without reaching agreement on 

a definition except that fine particles are considerably smaller than the coarse 

particles they are mixed with. Some studies have produced conflicting findings 

regarding the effects of adding extrinsic fines. Whilst they are generally shown 

to increase the FPD or FPF of the API (Jones and Price 2006), the extent of the 

increase appears to be determined by the proportion of fines in lactose-

budesonide formulations (Kinnunen et al. 2015), lactose-salbutamol sulphate 

and mannitol- salbutamol sulphate (Boshhiha and Urbanetz 2018). Added 

carrier fines exhibit another shape, surface area and energetic charge than the 

intrinsic fines. It has been proposed that the improvement in FPF and dispersion 

of API was more noticeable for up to 10% addition of fines (Boshhiha and 

Urbanetz 2018). 

The absence of fines in formulations of salbutamol sulphate with mannitol 

treated with wet decantation indicated that removal of intrinsic fines resulted in 

lower deposition assessed by NGI, possibly due to smoother carrier surfaces 

and this less attachment to drug (Boshhiha and Urbanetz 2009).  Adding 

extrinsic carrier fines to decanted lactose and mannitol improved FPF but not to 

the same level as untreated carriers; removal of intrinsic fines from untreated 

carriers reduced in vitro drug deposition, while addition of extrinsic fines to 

decanted carriers enhanced deposition. This led Boshhiha and Urbanetz (2018) 

to suggest this may be due to differences in morphology, surface area and 

surface energy between intrinsic and extrinsic fines. Increasing the percentage 

of added fines had been associated with increased electrical charge as well as 

higher respirable fraction (Karner and Urbanetz 2013). Tee et al. (2000) noted 

higher FPF with addition of extrinsic fines to mannitol, while for batch cooled 

crystallised mannitol, higher levels of intrinsic fines were associated with higher 

FPF (Kaialy et al. 2012A). Kinnunen et al. (2015) proposed that more 

agglomeration of budesonide with increased proportion of fines could explain 

increased deposition of drug. 

The addition of fines has been associated with both reduction (Hamishehkar et 

al. 2010) and increase (Kinnunen et al. 2015) in in vitro deposition performance. 
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Few studies have investigated surface energy of fines together with FPF. Cline 

and Dalby (2002) found that higher FPF was associated with an increase in 

surface energy interaction between carrier and API, drug and carrier resulted in 

an improved FPF of the drug. Ho et al. (2010) found that the addition of fines 

led to greater surface energy, which indicates that extrinsic fines should 

improve FPF and deposition performance, provided that the overall percentage 

of fines is no more than 10 %. In view of the foregoing, the present study added 

5 % fines to the crystallised and commercial DPI grade mannitol and 

investigated the impact on surface energy on FPF with and without added fines. 

Deposition of drug in a formulation can also be affected by the DPI. Pulmonary 

drug delivery requires integration of device and formulation through the 

combination of interparticulate forces in the formulation, dispersion forces 

produced jointly by the device and inspiration effort, and deposition forces 

(Hoppentocht et al., 2014). Dispersion forces produced by device resistance 

and design influence aerosolisation and deposition; each device has a unique 

relationship between flow rate and pressure drop. Thus in-vitro comparison of 

formulation performance in different devices is essential. 

5.2 Methods 

5.2.1 Materials 

Materials were: D-mannitol (Sigma Aldrich, UK), inhalation grade commercial 

mannitol (Parteck® M DPI, Merck, Darmstadt, Germany), budesonide 

(Kemprotec Limited, UK), lactose-budesonide (AAH Pharmaceuticals). Also: 

acetonitrile, acetone, isopropanol, chloroform, ethyl acetate (Fisher Scientific, 

UK), ethanol, glycerol (Alfa Aesar, UK), heptane, hexane, octane, nonane and 

brij® L23 (Sigma-Aldrich, UK). 

 

5.2.2 Apparatus 

FPS Spiral Jet mill (PilotMill-Zero, FPS, Italy). 

Particle size analyser HELOS H2419 (Sympatec GmbH, Germany) calibrated 

using a standard silica sample supplied with instrumentation (Sympatec, UK). 

Next generation cascade impactor (Copley Scientific, Nottingham, UK), with 

Critical Flow Controller Model TPK (Copley Scientific Ltd, Nottingham, UK), 



 

74 
 

Electronic Flow meter Model DFM (Copley Scientific Ltd, Nottingham, UK) and 

Copley Inhaler Testing Data Analysis Software (CITDAS), Version 2.00, (Copley 

Scientific Ltd, Nottingham, UK). HPLC apparatus as listed in 3.2.1. 

Surface energy analysis was performed using an inverse gas chromatography 

instrument from SMS (UK). 

Inhaler Devices: Easyhaler® and RS01® dry powder inhaler. 

Mixers: TURBULA® Shaker Mixer (Glen Mills Inc, Clifton,USA), Vortex 

Corning® LSE™ Vortex Mixer (Corning Incorporated, USA) 

5.2.3 Methods 

Four formulations shown in Table 5.1 were prepared from budesonide and beta 

mannitol.  A fifth formulation already available on the market, Easyhaler® 200 

mcg budesonide with lactose carrier, was included for comparison. 
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Table 5-1 Four formulations 

 

Formulation Carrier Budesonide 

1 Crystallised mannitol  

 

Ratio 1:67.5 

2 95% crystallised mannitol with 5% fines of 

crystallised and milled mannitol 

Ratio 1:67.5 

3 Commercial mannitol 

 

Ratio 1:67.5 

4 95% commercial mannitol with 5% fines of 

crystallised and milled mannitol 

Ratio 1:67.5 

 

5.2.3.1 Formulation 1: Crystallised mannitol  

Beta mannitol was crystallised by stirring saturated aqueous solution then 

cooling from 90 ˚C to 20 ˚C at rate of 1 °C/min and curing for 12 hours, followed 

by filtration and drying at 20 °C of the precipitate until constant mass. Particles 

were sieved to achieve size 63-90 µm (see Chapter 4 for full details). 

5.2.3.2 Preparation of fines  

Two grams (2 g) of crystallised beta mannitol were milled to obtain fine particle 

sizes (Table 5.2 refers).  

5.2.3.3 Formulation 2: Crystallised mannitol with fine particles  

Crystallised beta mannitol (section 5.3.1.1) and crystallised and milled fine 

particles (section 5.3.1.2) were weighed in a ratio of 95:5 ready for mixing. 

5.2.3.4 Formulation 3: Commercial mannitol  

Inhalation grade commercial mannitol (from Merck, Germany) required no 

milling or sieving because particles were already in size range 63-90 µm. 

5.2.3.5 Formulation 4: Commercial mannitol with fine particles  

Commercial mannitol and fine particles of crystallised and milled beta mannitol 

were weighed in a ratio of 95:5 ready for mixing. 
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5.2.3.6 Formulation 5: Marketed lactose/budesonide formulation 

The fifth formulation used for comparison was the marketed Easyhaler® 

budesonide 200 µg (lactose carrier). 

5.3 Particle size analysis  

Particle size analysis of fines was conducted using HELOS H2419 (Sympatec 

GmbH, Germany). Particles were accepted for fines when d50 = 2.45 µm and 

d90 = 6.76 µm. The Relative Standard Deviation (RSD) was calculated for all 

batches analysed to determine the precision and repeatability of an assay and 

to provide an estimate of homogeneity (Mendez et al., 2010). Based on the 

lowest RSD value for each set of formulations, the two selected formulations 

were crystallised beta mannitol (d90 = 72.8 µm) with budesonide and 

commercial DPI grade mannitol (d90 = 78.1). All particle sizes for the four 

formulations prepared in the laboratory are shown in Table 5.2. 
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Table 5-2 Particle size analysis 

       
  FORMULATION PARTICLE SIZE VORTEX RSD 

  
  

Coarse 
beta 
mannitol 

Fine beta 
mannitol 

Commercial 
mannitol 

    

1 Crystallised beta 
mannitol + 
budesonide  

d90 = 
72.8 µm 

 

 

5 minutes 1.6 

2 Crystallised beta 
mannitol+ 
crystallised and 
milled fine beta 
mannitol (5%) + 
budesonide  

d90 = 
72.8 µm 

d50 = 

2.45 µm        
d90 = 
6.76 µm  

 

1 minute 
carrier 
(crystallised 
mannitol with 
crystallised 
and milled 
fines) then 5 
minutes 
carrier + 
budesonide 

1.8 

3 Commercial 
inhalation grade 
mannitol + 
budesonide  

  
d90 =78.1 
µm 

5 minutes 1.6 

4 Commercial 
inhalation grade 
mannitol+ 
crystallised and 
milled fine beta 
mannitol (5%) + 
budesonide  

  d50 = 

2.45 µm         
d90 = 
6.76 µm  

d90 =78.1 
µm 

1 minute 
carrier 
(crystallised 
mannitol with 
crystallised 
and milled 
fines) then 5 
minutes 
carrier + 
budesonide 

3.0 

       
5.4 Mixing methods and times 

All formulations were mixed in a drug to carrier ratio of 1:67.5 in accordance 

with the ratio used in commercial Ventolin™ and Rotacaps™. Mixing was 

carried out on 27 batches using vortex mixer and TURBULA® shaker at mixing 

times ranging from 1 to 30 minutes.  Mixing method and times are presented in 

Table 5.3 which also indicates selections for use. Powder mixtures were stored 

in glass containers with caps until required for use. 

 

Table 5-3 Mixing method and times 
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Batch 
no. 

Formu-
lation    Vortex TURBULA® SD RSD Selected 

1 1  5 mins 
                     
--- 1.95 5.88  

2 1  10 mins 
                     
--- 3.47 5.44  

3 1  5 mins  0.47 1.58 1 
4 1                       

--- 
5 mins 80.78 148.53  

5 2  1 mins 5 mins 2.07 8.87  
6 2  1 min  3.50 11.95  
7 2  3 mins  3.05 10.66  
8 2   5 mins   1.40 5.51  
9 2  10 mins  1.51 5.55  

10 2  5 mins 5 mins 2.42 9.40  
11 2  5 mins 8 mins 10.13 34.86  
12 2  5 mins 13 mins 1.19 5.03  
13 2  5 mins 18 mins 7.17 24.23  
14 2   1 min 4.38 24.80  
15 2   5 mins 1.60 11.21   
16 2   10 mins 1.90 12.57  
17 2   15 mins 12.75 54.05  
18 2   20 mins 31.85 64.62  
19 2   30 mins 9.64 33.74  
20 2a  1 min                      

--- 
1.84 7.01  

21 2a  5 mins                      
--- 

0.48 1.83 2 
22 2a  10 mins                      

--- 
0.62 2.31  

23 2a  15 mins                      
--- 

0.49 1.74  
24 2a  20 mins                      

--- 
1.34 5.00  

25 2a  5 mins                      
--- 

0.13 0.51  
26 3  5 mins   1.66 3 

27 4a   5 mins   0.13 3.01 4 
Notes: 1 = Crystallised and milled beta mannitol + budesonide, 2 = Crystallised and 

milled beta mannitol with fines (5%) + budesonide, 3 = Commercial inhalation grade 

mannitol + budesonide, 4 = Commercial inhalation grade mannitol with crystallised and 

milled fine beta mannitol (5%) + budesonide;  a = carrier mixed 1 minute vortex before 

adding budesonide 

5.5 Formulation homogeneity 

Six samples were randomly selected from top, centre and bottom of each of the 

formulations. Each sample weighed 5 mg (equivalent to 200 µg budesonide 

marketed dose) and was dissolved in 5ml of solution acetonitrile (ACN) and 

water in ratio 70:30 AC:H2O. From each solution, 2.0 ml were taken and filtered 

through 0.22 μm membrane filters and injected into the HPLC (HPLC 1050, 

Hewlett Packard). All HPLC results were input to Microsoft® Office Excel to 

calculate the RSD. Based on the lowest RSD value indicating the most 
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homogeneous mixture for each set of formulations, formulations to be used in 

the next stages of the research were selected. SD and RSD values are shown 

alongside the mixing methods and times in Table 5.3.  

Based on the RSD values in Table 5.3, batches selected for the in-vitro NGI 

assessment (section 5.8) and use in the ex vivo study described in Chapter 6 

were numbers 3, 21, 26 and 27. 

5.6 Characterisation of formulation particles 

Surface energies of formulation particles were analysed with IGC. Four random 

samples were analysed each time to ensure consistency and the mean values 

calculated. Surface energies of budesonide, of fine particles of crystallised and 

milled beta mannitol, and of inhalation grade commercial mannitol, were 

analysed before the formulations were mixed. Surface energies of the 

commercial mannitol and marketed lactose-budesonide formulation were 

analysed once, since their stability was already assured. These are reported 

together with surface energy analyses of formulations so that all surface 

energies can be seen in one place. 
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Table 5-4 Budesonide Surface energy analysis 

 

γS
d γS

sp γS
t 

38.246 1.356 39.602 

   Notes: γS
d = dispersive energy; γS

sp = specific (acid-base) energy; γS
t =  

total energy 

 

Table 5-5 Crystallised milled beta mannitol fines Surface energy analysis 

 

γS
d γS

sp γS
t 

40.265 0.421 40.686 

   Notes: γS
d = dispersive energy; γS

sp = specific (acid-base) energy; γS
t =  

total energy 

 

Table 5-6 Surface energy analysis of inhalation grade commercial mannitol 

 

γS
d γS

sp γS
t 

43.745 0.601 44.346 

   Notes: γS
d = dispersive energy; γS

sp = specific (acid-base) energy; γS
t =  

total energy 

 

IGC analyses were run with four different random samples of material at zero 

time, and three and six months after mixing. 

Table 5-7 Formulation 1 Surface energy analyses of crystallised milled beta mannitol 

 

Time period γS
d γS

sp γS
t 

Zero hours 31.976 1.108 33.084 

3 months 38.017 0.627 38.645 

6months 34.365 0.761 35.127 

Notes: γS
d = dispersive energy; γS

sp = specific (acid-base) energy; γS
t = total energy 
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Table 5-8 Formulation 2 Surface energy analyses of crystallised milled beta mannitol with beta mannitol 
fines 

 

Time period γS
d γS

sp γS
t 

Zero hours 36.233 0.978 37.211 

3 months 35.331 0.597 35.928 

6months 34.195 0.817 35.012 

Notes: γS
d = dispersive energy; γS

sp = specific (acid-base) energy; γS
t = total energy 

 

Table 5-9 Formulation 3 Surface energy analysis of inhalation grade commercial mannitol with 
budesonide 

 

γS
d γS

sp γS
t 

48.340 0.509 48.850 

   Notes: γS
d = dispersive energy; γS

sp = specific (acid-base) energy; γS
t =  

total energy 

 

Table 5-10 Formulation 4 Surface energy analysis of inhalation grade commercial mannitol with beta 
mannitol fines and budesonide 

 

γS
d γS

sp γS
t 

48.321 0.510 48.850 

   Notes: γS
d = dispersive energy; γS

sp = specific (acid-base) energy; γS
t =  

total energy 

 

Table 5-11 Surface energy analysis of marketed lactose-budesonide 

 

γS
d γS

sp γS
t 

32.421 1.703 34.124 

   Notes: γS
d = dispersive energy; γS

sp = specific (acid-base) energy; γS
t =  

total energy 
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5.7 Data analysis 

Copley Inhaler Testing Data Analysis Software was used with HPLC results for 

each stage from the NGI. Microsoft Excel software was used to calculate the 

fine particle dose (FPD), FPF, geometric standard deviation (GSD) and mass 

median aerodynamic diameter (MMAD) (Copley Scientific, 2012). Microsoft 

Office Excel was used to determine the RSD and assess the degree of powder 

homogeneity. The fine particle fraction % (FPF) was expressed as a percentage 

of FPD to ED%, the emitted dose as a percentage of the nominal (theoretical) 

dose. Statistical analysis was performed with one way ANOVA and a statistical 

difference observed where p was less than 0.05. 

5.8 Dry powder inhaler preparation 

The RS01® inhaler is a single dose capsule low resistance inhaler while the 

Easyhaler® is a multi-dose high resistance inhaler with reservoir. Pulmonary 

drug delivery requires integration of device and formulation through the 

combination of interparticulate forces in the formulation, dispersion forces 

produced jointly by the device and inspiration effort, and deposition forces 

(Hoppentocht et al., 2014). Dispersion forces produced by device resistance 

and design influence aerosolisation and deposition; each device has a unique 

relationship between flow rate and pressure drop. Thus in-vitro comparison of 

formulation performance in different devices is essential. For the Easyhaler® 

the device was filled with 1g of powder, while for the RS01® inhaler, six 

capsules were filled with 13.7 mg which was equivalent to 200 µg dose of 

budesonide. 

5.9 Assessment of aerodynamic dose emission characteristics 

NGI was used for aerodynamic assessment of particle size distribution of 

budesonide. Three assessments of deposition pattern were performed for each 

sample. In-vitro assessment of emitted dose is conducted by drawing 4.0 L of 

air through the inhaler at a pressure drop of 4 kPa (USP 37-NF32, Chapter 

2014, Ph.Eur. 9.0, 2.9.18). For the Easyhaler® the device was filled with 1g of 

powder, and the NGI was set at flow rate 45 l/min 5 puffs for 5.5 sec. For the 

RS01® inhaler, three runs of 2 capsules, each filled with 13.7 mg which is 

equivalent to 200 µg, were performed at flow rate 100 for 2.5 sec. Times were 

set according to European and United States Pharmacopoeia requirement for 

drawing 4.0 L of air through the inhaler at a pressure drop of 4 kPa . (USP 37-
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NF32, Chapter 2014, Ph.Eur. 9.0, 2.9.18). Amounts of solution 

(acetonitrile:water 70:30) for washing and collecting budesonide from NGI 

stages were: 20ml for throat, 25ml for preseparator, 10 ml for each stage for 

Easyhaler® and 5 ml for each stage for RS01® capsules.. HPLC mobile phase 

preparation measured organic solvents before mixing them in aqueous 

solutions to minimise volume error as 1 % change in composition can produce 

significant change in retention time. Mobile phase was filtered through a 

0.45mm membrane filter and degassed using ultrasonic bath under vacuum for 

15 minutes. 

Results for the RS01® and Easyhaler® inhalers are presented in Tables 5.12 

and 5.13 respectively, followed by summary tables of deposition (Tables 5.14 

and 5.15) and aerodynamic particle size and distribution (Table 5.16). These 

show the impact of different devices on dose emission, FPF% and FPD since 

equivalent flow rates were used for assessment. Particles with an aerodynamic 

diameter greater than 5 µm are deposited by inertial impaction on the 

preseparator, throat and stage 1 (induction port, mixing inlet, and preseparator 

of the impactor) (Taylor and Kellaway 2001). These stages of the impactor 

morphologically correspond to the oropharyngeal region (Hickey 1992). The 

very small particles deposited in stages 6 and 7 and the MOC, typically less 

than 0.5 µm aerodynamic diameter, are mainly exhaled (Demoly et al. 2014; de 

Boer et al. 2015). 

It can be seen that more budesonide was deposited in stages 2-MOC from both 

inhalers with crystallised carrier than with commercial DPI grade and more from 

the RS01® than the Easyhaler® (Tables 5.14 and 5.15). In-vitro deposition of 

the marketed lactose-budesonide formulation was also higher in stages 2-MOC 

with the RS01®. 

Measures of aerodynamic particle size (MMAD) and distribution (GSD) are 

similar in range across formulations. MMAD range for the RS01® is smaller 

(2.8-4.5) than the range for Easyhaler® (3.14-6.9). GSD range for the RS01® is 

slightly smaller (1.82-2.3) than the range for Easyhaler® (1.7-2.4). Whilst such 

similarity might be expected from the d90 particle sizes provided in Table 5.2, 

differences in dose emission, FPF% and FPD show greater variation by device 

and formulation. With the RS01®, FPF% ranges from 50% with F5 to 12.5% 

with F3; with the Easyhaler®, it ranges from 35% with F5 (lactose) to 10.5% 

with F3 (commercial mannitol). Whereas FPF% of F1 is 11.2% with Easyhaler® 
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and 41.6% with RS01®. Variability of FPD is more noticeable and appears to 

result from the combination of device and formulation. 

When fines were added to crystallised mannitol in F2, MMAD was slightly 

higher with RS01 (3.7 compared with 3.2), while FPF% decreased from 45.8 to 

31.3. With the Easyhaler, MMAD was slightly higher (5.9 compared with 5.8) 

and FPF% decreased slightly (from 14.0 to 12.51). When fines were added to 

commercial DPI grade mannitol in F4, there was no change in MMAD with the 

RS01 although the FPF% increased slightly from 12.55 to 13.74. With the 

Easyhaler, however, MMAD was slightly smaller (reduced from 4.2 to 3.9) while 

FPF% rose from 10.5 to 15.9. These results illustrate the effects of formulation 

and device. 
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Table 5-12 NGI results all formulations RS01® 

 

Notes: 1 = Crystallised beta mannitol + budesonide, 2 = Crystallised beta mannitol 

with 5% crystallised and milled fine beta mannitol + budesonide, 3 = Commercial 

inhalation grade mannitol + budesonide, 4 = Commercial inhalation grade mannitol 

with 5% crystallised and milled fine beta mannitol + budesonide, 5 = marketed lactose 

and budesonide 

 

NGI stage F1 F2 F3 F4 F5

Device [ug] 54.47 8.84 30.18 33.198 32.89

Throat [ug] 66.82 73.45 45.42 48.962 38.48

Presep. [ug] 52.26 51.35 187.66 198.426 127.97

Stage 1 [ug] 41.60 27.43 4.30 3.73 16.77

Stage 2 [ug] 53.69 32.89 8.20 8.02 37.57

Stage 3 [ug] 44.72 23.27 15.20 16.72 38.61

Stage 4 [ug] 39.91 17.42 19.20 21.12 33.54

Stage 5 [ug] 19.63 7.93 13.10 14.41 13.65

Stage 6 [ug] 6.50 2.99 5.20 5.72 3.25

Stage 7 [ug] 1.82 0.91 3.20 3.52 0.78

MOC [ug] 0.65 0.195 0.09 0.10 0.78

FPF% 45.8 (5.99) 31.3(2.9) 12.55 (3.44) 13.74 (3.41) 50.39 (0.74)

MMAD 3.2 (0.23) 3.7(0.15) 4.5 (0.26) 4.5 (2.24) 2.77 (0.01)

GSD 2.2 (0.07) 2.3(0.01) 1.9 (0.14) 1.82 (0.52) 1.94 (0.04)

FPD 74.93 (7.83) 37.44(4.4) 23.8 (0.13) 19.6 (0.47) 59.12 (2.9)

TED µg 191.04 123.34 165.88 176.96 133.84

TED (% delivered 

dose) 95.52 61.67 82.94 88.48 66.92

RS01
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Table 5-13 NGI results all formulations Easyhaler® 

 

Notes: 1 = Crystallised beta mannitol + budesonide, 2 = Crystallised beta mannitol 

with 5% crystallised and milled fine beta mannitol + budesonide, 3 = Commercial 

inhalation grade mannitol + budesonide, 4 = Commercial inhalation grade mannitol 

with 5% crystallised and milled fine beta mannitol + budesonide, 5 = marketed lactose 

and budesonide 

 

Tables 5.14 and 5.15 present totals for deposition in two stages: device, throat, 

pre- separator and stage 1; stages 2 to MOC.  Whilst no formulation remained 

in the Easyhaler® device (Table 5.12), for formulations 2 and 4 containing fines, 

an equal (F4) or greater (F2) amount was deposited in the upper stages than 

with the RS01®.  This suggests that the addition of crystallised milled beta 

mannitol fines impeded flowability, possibly as a result of agglomeration during 

aerosolization. All formulations except for F5 showed higher deposition in the 

lowest levels with the RS01®, which also showed higher deposition at stages 2 

to MOC. 

Table 5-14 Summary deposition at NGI stages: RS01® 

NGI stage F1 F2 F3 F4 F5

Device [ug] 0 0 0 0 0

Throat [ug] 63.31 120.77 47.60 56.50 25.09

Presep. [ug] 120.12 70.59 243.76 224.20 71.37

Stage 1 [ug] 22.10 20.28 2.23 6.10 8.19

Stage 2 [ug] 27.43 32.89 6.16 24.60 13.78

Stage 3 [ug] 16.77 21.32 13.56 27.90 19.37

Stage 4 [ug] 14.56 11.83 20.56 21.70 20.67

Stage 5 [ug] 6.63 3.25 11.10 12.80 16.51

Stage 6 [ug] 1.69 0.65 2.33 1.60 6.89

Stage 7 [ug] 0.52 0.13 2.63 0.90 1.69

MOC [ug] 0.26 0.13 0.06 0.10 0.26

FPF% 14.0 (4.03) 12.51 (1.66) 10.5(3.7) 15.9(1.9) 35.11 (2.7)

MMAD 5.8 (0.19) 5.9 (0.15) 4.2(2.1) 3.9(0.3) 3.14 (0.46)

GSD 2.38 (0.03) 1.96 (0.02) 1.8(0.1) 1.7(0.09) 2.4 (0.58)

FPD 7.67 (1.93) 7.2 (0.71) 20.1(0.1) 31.8(0.2) 17.69 (3.36)

TED µg 136.70 140.92 175.00 188.20 91.91

TED (% nominal 

dose) 68.35 70.46 87.50 94.10 45.96

EH
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    RS01 

Formulation   F1 F2 F3 F4 F5 

Stages       

Device, throat, pre-
separator, 1  215.15 161.07 267.56 284.32 216.11 

       
stages 2 to MOC  166.92 85.61 64.19 69.61 128.18 

              

       

       
Notes: 1 = Crystallised beta mannitol + budesonide, 2 = Crystallised beta mannitol 

with 5% crystallised and milled fine beta mannitol + budesonide, 3 = Commercial 

inhalation grade mannitol + budesonide, 4 = Commercial inhalation grade mannitol 

with 5% crystallised and milled fine beta mannitol + budesonide, 5 = marketed lactose 

and budesonide 

 

Table 5-15 Summary deposition at NGI stages: Easyhaler® 

       

    Easyhaler 

Formulation   F1 F2 F3 F4 F5 

Stages       

Device, throat, pre-
separator, 1  205.53 211.64 293.59 286.80 104.65 

       
stages 2 to MOC  67.86 70.20 56.40 89.60 79.17 

              

       
Notes: 1 = Crystallised beta mannitol + budesonide, 2 = Crystallised beta mannitol 

with 5% crystallised and milled fine beta mannitol + budesonide, 3 = Commercial 

inhalation grade mannitol + budesonide, 4 = Commercial inhalation grade mannitol 

with 5% crystallised and milled fine beta mannitol + budesonide, 5 = marketed lactose 

and budesonide 

 

The highest FPF value was with F5 (lactose-budesonide) and the RS01® 

inhaler which also showed the lowest MMAD and a GSD just under 2. The next 

highest FPF was crystallised mannitol with the RS01® inhaler, which also had 

lower MMAD and GSD than with the Easyhaler®. Commercial DPI grade 

mannitol had the lowest FPFs and relatively high MMADs in both inhalers. 

These results may suggest that turbulent energy is higher in the RS01® and led 

to greater de-aggregation of the metered powder formulation into a fine particle 
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dose. The internal structure of each device could also contribute to the 

differences in aerodynamic characteristics and behaviour. 

No clear statistical relationship was detected between key dose delivery 

characteristics, for example between FPD and FPF %, or GSD and FPD, 

although all combinations were examined to see if one or more mathematical 

relationships could be detected (Table 5.16) (p > 0.5). 
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Table 5-16 Dose delivery characteristics of budesonide: mean (SD) amounts 

Formulation and DPI FPF % MMAD μm GSD FPD

F1 RS01 inhaler 45.8 (5.99) 3.2 (0.23) 2.2 (0.07) 74.93 (7.83)

F1 Easyhaler 14.0 (4.03) 5.8 (0.19) 2.38 (0.03) 7.67 (1.93)

F2 RS01 inhaler 31.3 (2.90) 3.7 (0.15) 2.3 (0.01) 37.44 (4.40)

F2 Easyhaler 12.51 (1.66) 5.9 (0.15) 1.96 (0.02) 7.2 (0.71)

F3 RS01 inhaler 12.55 (3.44) 4.5 (0.26) 1.9 (0.14) 23.8 (0.13)

F3 Easyhaler 10.5 (3.70) 4.2 (2.10) 1.8 (0.10) 20.1 (0.10)

F4 RS01 inhaler 13.74 (3.41) 4.5 (2.24) 1.82 (0.52) 19.6 (0.47)

F4 Easyhaler 15.9 (1.90) 3.9 (0.30) 1.7 (0.09) 31.8 (0.20)

F5 RS01 inhaler 50.39 (0.74) 2.77 (0.01) 1.94 (0.04) 59.12 (2.90)

F5 Easyhaler 35.11 (2.70) 3.14 (0.46) 2.4 (0.58) 17.69 (3.36)  

Notes: 1 = Crystallised beta mannitol + budesonide, 2 = Crystallised beta mannitol 

with 5% crystallised and milled fine beta mannitol + budesonide, 3 = Commercial 

inhalation grade mannitol + budesonide, 4 = Commercial inhalation grade mannitol 

with 5% crystallised and milled fine beta mannitol + budesonide, 5 = marketed lactose 

and budesonide 

 

5.10 Powder flowability  

For each formulation, approximately 50g (1d.p) of lactose was measured out 

and carefully poured into a volumetric cylinder held at 45° angle. The cylinder 

was attached to the tapped density apparatus and the volume of powder noted. 

After tapping the sample 20 times the volume was re-measured. Tapping was 

repeated for 200 taps. 

The Hausner Ratio and Carr Compressibility Index were calculated according to 

Equations 1 and 2. 

Hausner Ratio = Tapped bulk density     (1) 

    Initial bulk density 
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Carr Compressibility Index = Tapped bulk density - Initial bulk density x 100% (2) 

      Initial bulk density 

The flow property of the materials was rated according to the Hausner Ratio 

and the Carr Compressibility Index according to Table 5.17. 

Table 5-17 Hausner Ratio and Carr Compressibility Index 

 

Hausner Ratio Carr Index Type of Flow 

1.1 5-10 Excellent

12-16 Good

1.2 18-21 Fair

23-33 Poor

1.6 35-38 Very Poor

>40 Extremely Poor  

 

Calculation of Carr’s Index showed commercial DPI grade mannitol-budesonide had 

fair-to-poor flowability (25.75), while crystallised mannitol-budesonide and lactose-

budesonide were very poor (CI = 57.1 and 60.0 respectively). Flowability of crystallised 

and commercial DPI grade mannitol alone was worse (CI = 66.6 and 40 respectively). 

Table 5-18 Carr Compressibility Index results 

 

Material/formulation CI 

Crystallised beta mannitol 66.60 

Commercial DPI grade mannitol 40.00 

Crystallised beta mannitol + budesonide (F1) 57.10 

Crystallised beta mannitol + milled mannitol fines + budesonide 38.00 

Commercial DPI grade mannitol + budesonide 25.75 

Commercial DPI grade mannitol + milled mannitol fines+ budesonide 24.00 

Marketed lactose + budesonide (Easyhaler®) 60.00 

 

It can be seen that the addition of fines improved flowability, more noticeably 

with crystallised than with commercial inhalation grade mannitol.  
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5.11 Surface energy 

Surface energy profiles of budesonide and the five formulations are presented 

in Figure 5.1 while comparison by components of surface energy is highlighted 

in Figure 5.2. 

These clearly show that commercial DPI grade mannitol has the highest levels 

of dispersive and total surface energy but the lowest level of polar energy, while 

budesonide and F4 have the most similar levels of all three components. The 

ratio of polar to dispersive energy was highest in the marketed lactose-

budesonide formulation, followed by crystallised milled mannitol, then 

budesonide alone, with commercial mannitol having the lowest ratio of polar to 

dispersive energy. The cohesive forces associated with polar energy may be 

counteracted to an extent by the dispersive energy of commercial mannitol. 
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Figure 5-1 Surface energy profiles of budesonide and formulations 

Notes: 1 = Crystallised beta mannitol + budesonide, 2 = Crystallised beta mannitol 

with 5% crystallised and milled fine beta mannitol + budesonide, 3 = Commercial 

inhalation grade mannitol + budesonide, 4 = Commercial inhalation grade mannitol 

with 5% crystallised and milled fine beta mannitol + budesonide, 5 = marketed lactose 

and budesonide 

 

 

Figure 5-2 Surface energy by component 

Notes: 1 = Crystallised beta mannitol + budesonide, 2 = Crystallised beta mannitol 

with 5% crystallised and milled fine beta mannitol + budesonide, 3 = Commercial 

inhalation grade mannitol + budesonide, 4 = Commercial inhalation grade mannitol 

with 5% crystallised and milled fine beta mannitol + budesonide, 5 = marketed lactose 

and budesonide 
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Direct comparison of the surface energy components (Figure 5.2) shows that 

commercial mannitol has the most dispersive energy (48.34 mJ/g) followed by 

crystallised mannitol (34.36 mJ/g) and then lactose (32.4 mJ/g). Crystallised 

mannitol and budesonide had the closest ratio of polar energies (1.108 and 

1.356 respectively) which corresponds to greater adhesion, in addition to the 

cohesive interparticle forces of budesonide (Kaialy and Nokhodchi 2016). The 

lower polar energy (0.51) and higher dispersive energy of commercial mannitol 

corresponded with lower deposition than for crystallised beta mannitol. 

However, the inhalation and complex turbulence-creating mechanism in the 

capsule inhaler was sufficient to detach the drug particles from crystallised 

mannitol in respirable particles range and greater FPF with crystallised mannitol 

and lactose than the multi-dose high resistance inhaler with reservoir, except for 

F4 with added fines. 

5.12  Discussion 

The high FPF% values of 45.8% for F1 and 50.39% for F5 with the RS01® 

inhaler are not without precedent. FPF of crystallised mannitol formulation with 

SS in ratio of 67.5:1 was recorded of between 38.4% and 44.8% depending on 

the strength of solution from which it was crystallised (Kaialy et al. 2010b). 

Kaialy and Nokhodchi (2013) further reported a value of 46.9% for FPF of SS 

with freeze-dried mannitol, while FPF of 61% was recorded for commercial 

mannitol (Pearlitol 25C) with budesonide for formulation with carrier-to-drug 

ratios of 1:9 and 1:19 (Momin et al. 2011). Momin et al. (2011) similarly found 

Pearlitol 25C mannitol with budesonide had higher FPF than other alternative 

carriers.  

NGI deposition results show that in stages 2-MOC the highest deposition was 

with RS01®, F1 (166.92), followed by F5 (128.18) and then F4 with Easyhaler® 

(89.60). Lowest deposition occurred with F3: 56.40 with Easyhaler® and 64.19 

with RS01®. Higher drug deposition with crystallised than commercial mannitol 

was similarly found by Kaialy and Nokhodchi (2013). 

Factors deemed to influence deposition include MMAD and FPF (van Holsbeke 

et al. 2014). MMAD of 3 or less has been shown to improve delivery to central 

and peripheral lung (van Holsbeke et al. 2014). The smallest MMADs were 

recorded for F5 lactose-budesonide in RS01® (2.77 μm) and Easyhaler® (3.14 

μm) closely followed by F1 crystallised mannitol RS01® (3.2 μm). Other MMAD 
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metrics were outside desirable range, in particular F1 and F2 with Easyhaler® 

(5.8 μm and 5.9 μm respectively) indicating both agglomeration tendency of 

budesonide and influence of different devices. GSD was within an acceptable 

range for all formulations (from 1.8 for F2 with Easyhaler® to 2.38 for F1 with 

Easyhaler®). Total lung deposition could be influenced by FPF rather than 

MMAD (van Holsbeke et al. 2014). Whilst results of the present study support 

this view for F1 and F5 with RS01®, the results for F4 and F5 with Easyhaler® 

do not. This indicates the role of the device also affects deposition; the 

Easyhaler® is not suitable for use with crystallised mannitol. The Easyhaler® 

results with crystallised mannitol may be related to the particle morphology and 

this will be examined further in the next chapter.  

Flowability assessed by Carr’s Index showed F2 (commercial DPI grade 

mannitol) had the best flowability (CI 25.75) followed by F1 crystallised mannitol 

(CI = 57.1) then F3 lactose (CI = 60). Pure commercial DPI grade CI of 40 was 

very similar to that of PEARLITOL® 25 C (36.92 ± 4.17) but flowability of F2 

better than PEARLITOL® 25 C with 5% and 10% budesonide (Momin et al. 

2011). Poor flowability of crystallised mannitol was found by Kaialy et al. 

(2010b). This has been attributed to a tendency for elongated particles to 

interlock and create higher resistance to air flow (Zainuddin et al. 2012), and to 

greater adhesion forces of budesonide in formulation (Kaialy and Nokhodchi 

2016). Although elongated particles are more readily aerosolised, they are liable 

to deposition by the interception mechanism (Hassan and Lau 2009). It has also 

been proposed that during formulation mixing, fine mannitol particles compete 

with drug particles for active sites on the carrier (Kaialy  and Nokhodchi 2013), 

although results of the present experiment suggest this is not necessarily the 

case. 

Surface energies may be implicated. The surface energy of crystallised beta 

mannitol (33.08) was lower than the values reported by Smith et al. (2015) (from 

41.2 to 50.5 mJ/m2), although the commercial DPI grade mannitol was within 

the range at 48.85. The difference may lie in the strength of solution from which 

Smith et al. recrystallised beta mannitol, 40 w/w% mannitol in water. The 

addition of fines to F1 was associated with increased dispersive energy in F2, 

but with decreased dispersive energy and slightly increased polar energy in F4  

Crystallised mannitol and lactose had lower surface energy than commercial 

DPI grade mannitol which could indicate less drug-carrier interaction and easier 
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detachment of drug as suggested by Jones et al. (2008) leading to better 

aerosol performance. 

Findings concur with the conclusion of Kaialy et al. (2012) that it may not be 

possible to predict drug aerosolisation performance from MMAD and GSD 

alone. Differences in deposition resulting from different inhalers concur with 

Adams et al. (2012).  

5.13  Conclusion 

Four formulations of budesonide were prepared with different carriers: 

crystallised beta mannitol; crystallised beta mannitol and crystallised milled beta 

mannitol fine particles (5%); commercial DPI grade mannitol; commercial 

inhalation grade mannitol with crystallised milled fine beta mannitol (5%); and 

marketed lactose (Easyhaler®). Evaluation of the effects of mixing parameters 

on budesonide formulations and hence the degree of homogeneity was 

performed with the HPLC method. The formulations with the highest degree of 

homogeneity as measured by RSD were selected for in vitro assessment of 

deposition using NGI. Flowability and surface energies of all materials were 

measured, as was particle size distribution for the laboratory-prepared 

formulations. Flowability alone suggested that commercial DPI grade with 

budesonide should yield higher drug deposition ex-vivo or in-vivo than marketed 

lactose-budesonide or crystallised mannitol-budesonide. 

Deposition was influenced by the device as well as the formulation, with the 

capsule-based RS01® having higher FPF than the multi-dose Easyhaler® for 

all formulations other than F4 (commercial DPI grade mannitol with crystallised 

milled beta mannitol fines).  

In combination with formulation characteristics and the device, individuals’ 

breathing patterns and variable humidity of breath may also affect the drug 

deposition. This is investigated in the ex-vivo experiment reported in Chapter 6. 
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Chapter 6 Ex-vivo evaluation of deep lung deposition of formulations of 

budesonide 

6.1 Introduction 

Effective inhalation performance of dry-powder products depends on the drug 

formulation, inhaler device and patient’s breathing technique (Pilcer et al. 2012). 

Formulation properties are determined by physicochemical properties of the 

carrier: particle size, shape, density, surface area, roughness, morphology 

(Telko and Hickey 2005) and associated forces of drug-to-drug cohesion and 

drug-to-carrier adhesion (Kaialy et al. 2012a, 2012b; Peng et al. 2016). Carrier 

particles can assist in reducing cohesion of powder, while improving flow and 

aerosolization (Louey et al., 2004; Telko and Hickey 2005; Jones et al. 2010) 

but typically require engineering to achieve desired formulation properties 

(Kaialy et al. 2010). Particle size engineering affects the properties of carrier 

and formulation (Jones and Price 2006).  

Choice of carrier affects flowability (Momin et al. 2011), lung deposition and 

respirable fractions (RF%) (Harjunen et al. 2003). Research indicates that 

mannitol is a promising alternative to lactose due to its relatively elongated 

morphology and smaller volume mean diameter (VMD) (Tee et al. 2000; Larhrib 

et al. 2003; Nokhodchi and Larhrib 2013; Kaialy and Nokhodchi 2015), although 

more elongated particles and higher electrostatic charge were associated with 

less homogenous distribution of budesonide and poorer flowability (Kaialy and 

Nokhodchi 2016). Results vary with morphology and electrostatic charge of 

active pharmaceutical ingredient (API) and carrier. 

The effect of electrostatic charge on flowability is influenced by processing 

(Karner and Urbanetz 2013; Grasmeijer et al. 2013; Kaialy, 2016). Changes in 

surface area and energy produced by processing affect formulation and 

performance. Net charge is determined by complex interactions of the effects of 

carrier particle size, presence of fine particles, drug content and rate of air flow 

(Karner and Urbanetz 2013). Cline and Dalby (2002) compared in vitro 

performance of blends of two APIs and four carriers (including mannitol) and 

identified that higher surface energy interaction between drug and carrier was 

strongly associated with higher fine particle fraction (FPF) and in vitro 

performance. Schueller (2005) found that whilst this applied for salbutamol 

sulphate, there was no such relationship for beclomethasone dipropionate, 
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irrespective of carrier, which highlighted the role of surface energy of the API. 

Comparison of formulations of four APIs (including budesonide) and four 

carriers (including β-form D-mannitol) associated the highest FPF with lower 

surface energy of carrier and less API-carrier interaction, facilitating detachment 

of API (Jones et al. 2008). Results for budesonide fitted less well than other 

drugs, so were omitted from the conclusion and attributed to high cohesive 

drug-carrier ratio. Results for one API cannot be extrapolated to another with 

differing polar and dispersive energies. Laboratory and commercial formulations 

require comparison. Surface energies of each formulation must be optimised to 

ensure appropriate drug release and deposition.  

Pulmonary drug delivery requires integration of device and formulation through 

the combination of interparticulate forces in the formulation, dispersion forces 

produced jointly by the device and inspiration effort, and deposition forces 

(Hoppentocht et al. 2014). Dispersion forces produced by device resistance and 

design influence aerosolisation and deposition; each device has a unique 

relationship between flow rate and pressure drop. Some studies have identified 

an optimal breathing pattern, such as Kondo et al. (2017), while others have 

found that dose delivery significantly differs with inhalation flow for some, but 

not all, delivery systems (Buttini et al. 2016). Whilst in vitro assessment of 

emitted dose is conducted by drawing 4.0 L of air through the inhaler at a 

pressure drop of 4 kPa (USP 37-NF32, Chapter 2014, Ph.Eur. 9.0, 2.9.18), ex-

vivo studies more closely reflect breathing patterns than constant flow in-vitro 

assessments (Abadelah 2018). Individuals’ inspiratory flow rates through an 

inhaler can be assessed with the In-Check DIAL® tool. This enables ex-vivo 

results from healthy volunteers using a straightforward procedure (Yakubu 

2009) to help determine which device-formulation is most suitable for patients.  

Some previous studies have demonstrated better performance with mannitol 

but have used drug-carrier ratio very different from marketed formulations, or 

freeze- or spray-dried mannitol, or different APIs (e.g. Momin et al. 2011; Kaialy 

and Nokhodchi 2016; Molina et al. 2018). The present study examined whether 

the properties of mannitol and aerosolisation performance could be improved by 

a simple cheap crystallisation and milling process rather than advanced and 

expensive techniques such as freeze drying, using a drug:carrier ratio (1:67.5) 

typical of treatments available on the market and an ex-vivo assessment more 

closely reflecting the inhalation manoeuvres of real patients. No previous 
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studies have used this combination of mannitol crystallised in this way with 

milled mannitol fines from the same crystallised mannitol. 

Several studies have reported the superiority of mannitol over other carriers, 

such as lactose, for the delivery of respirable drug particles to the lung. 

However, the major limitation of these studies is that they only used one type of 

inhaler, low-resistance inhaler with a single-dose capsule. In the present study, 

two different types of dry powder inhalers (DPIs) were used to evaluate the ex 

vivo and in vitro performance of a budesonide inhaled formulation with 

recrystallised mannitol, commercial DPI-grade mannitol, or lactose as a carrier 

at two different flow rates (i.e., 30 and 60 L/m for the ex vivo test) using a 

drug:carrier ratio (1:67.5) typical of treatments available on the market. The DPI 

devices were Easyhaler®, which is a high-resistance, and RS01®, which is a 

low-resistance inhaler. In addition, the performance of a marketed formulation of 

lactose-budesonide was assessed using its original DPI device (i.e., 

Easyhaler® 200 g) and the RS01® inhaler.  

6.2 Materials and methods 

Materials were as specified in Chapter 3 section 3.2. 

6.3 Methods 

6.3.1 HPLC method 

The method was as described in section 3.3.2 and the conditions used were: 

Stationary phase: Phenomenex C18 Magellen, 150 mm X 4.6 mm i.d X 5 µm 

(Phenomenex, Macclesfield, Cheshire, UK). Phenomenex, Gemini-NX C18, 250 

mm X 4.6 mm i.d X 5 µm (Phenomenex, Torrance, USA). 

Mobile phase: (70 % v/v) of acetonitrile HPLC grade with (30 % v/v) of distIlled 

water 

Flow rate: 1ml/min 

Temperature: room temperature (25 ℃) 

Injection volume: 100 μl 

U.V detection: wavelength: 240 λ 
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6.3.2 Procedure to measure the ex vivo dose emission 

Following the approach of Yakubu (2009), twelve non-smoking healthy 

volunteers were trained using the In-Check DIAL to inhale both rapidly 

(60L/min) and slowly (30L/min) through two active DPIs, Easyhaler® which is a 

high-resistance and RS01® inhaler which is a low-resistance inhaler. Volunteer 

demographics are presented in Table 6.1. The mouthpiece of each inhaler was 

attached to a tightly fitted mouthpiece adaptor which contained a filter holding a 

filter pad to collect the drug (Figure 6.1). This was placed between the 

mouthpiece of the DPI and the volunteer’s mouth. The DPIs contained 

budesonide blended with mannitol as a carrier in four of the formulations and 

budesonide blended with lactose in the fifth. A fresh filter was used for each 

inhalation. Two rapid and two slow inhalations were performed with each 

formulation. The entrained dose deposited on the side of the filter away from the 

volunteer’s mouth was washed with a solution of acetonitrile and distilled water 

(70:30) solution before being analysed by HPLC and examined by scanning 

electron microscopy (SEM). HPLC results showed the quantity of drug that 

would be delivered to the lung, while the physical characteristics of the particles 

collected on the filter were revealed by SEM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1 Schematic diagram showing filter holder (blue) containing filter 

Table 6.1 Volunteer demographics 

SEM sample 
stub 

Filter 

holder 

 

Filter  

SEM sample stub 

attached to the filter 
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Volunteer 

code gender age height weight

1 male 42 180 69

2 male 26 168 60

3 male 35 175 69

4 male 27 173 71

5 male 30 166 54

6 male 31 176 70

7 female 25 164 70

8 female 25 172 63

9 female 24 168 56

10 female 30 173 69

11 female 36 165 73

12 female 28 160 64

Mean 29.92 170.00 65.67

SD 5.40 5.78 6.21

 
Ethical approval was obtained from University of Bradford Committee for Ethics 

in Research (Appendix A). 

6.3.3 Data Analysis 

Excel Statistical analysis was performed with one way ANOVA and a statistical 

difference observed where p was less than 0.05. 

6.4 Results 

6.4.1 Dose emission by inhalation 

Results for inhalations for all five formulations from the RS01® and Easyhaler® 

are shown in Tables 6.2 and 6.3. Previous work has shown dose emission from 

two inhalations with the Easyhaler® to be significantly greater than from one 

inhalation per (Yakubu 2009) therefore this was not repeated in the present 

study. Two separate inhalations at slow and fast inhalation were used simply to 

ensure that results were not based on a single inhalation and that the means of 

2 slow and 2 fast inhalations were used in interpreting results. Differences 

between the two runs at each inhalation rate were not significant (p>0.05 in all 

cases). It is noticeable that dose emission was generally lower and showed 

greater individual variability at slow inhalation rate with the RS01®. 

Mean emitted dose was more consistent and higher at fast inhalation for both 

inhalers and higher overall with the Easyhaler®, with the exception of F2 with 

the RS01® inhaler. Mean emitted dose was higher at fast inhalation for both 
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inhalers and higher overall with the Easyhaler® than with the RS01®. Previous 

studies have shown that FPD increases with flow due to the creation of higher 

turbulent energy in the device (Yakubu 2009). For both inhalers at fast 

inhalation, emission was highest with commercial mannitol with crystallised 

fines, followed by lactose carrier, then commercial DPI grade. However, higher 

dose emission does not automatically result in higher lung deposition; more 

could be deposited in the device. SD values indicate wide variety in inhalation 

technique despite volunteer training. Whilst longer training with the 

InCheckDIAL could have reduced variations, obtained values are likely to reflect 

real-life use of inhalers. 

Overall, no significant differences in ex vivo dose emission were found between 

slow inhalations of all five formulations with either the Easyhaler® or the RS01® 

device, nor were there any significant differences between the formulations at 

fast inhalations. Moreover, there was no significant difference between DPI 

performance across the five formulations. There were however clear differences 

between mean slow and fast inhalations: 

Easyhaler® F1 (p <0.001), F2 (p <0.001), F3 (p <0.001) F4 (p <0.05), F5 (p 

<0.05); RS01® F1 (p <0.01), F2 (p <0.05), F3 (p <0.001), F4 (p <0.05), and F5 

(p <0.01).  

The most striking result is the extent to which dose emission varied within 

results for individual volunteers, as has often been found with patients; this 

shows that training someone to breathe with a certain inhalation flow is not 

straightforward, even for healthy volunteers. In general, dose emission tended 

to be lower for female volunteers, possibly due to lower lung capacity than 

males. 

Although device sensitivity to flow rate varies considerably (Buttini et al. 2016), 

these differences indicate flow dependent dose emissions (Yakubu 2009) and 

support recommendations to train patients to inhale rapidly (Azouz and 

Chrystyn 2012). 
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Table 6.2. Mean ex vivo dose emission (%) all volunteers and formulations: RS01® 

 

 

Formulation

Inhalation 

flow (l/mIn)
slow (30) fast (60) slow (30) fast (60) slow (30) fast (60) slow (30) fast (60) slow (30) fast (60)

Volunteers

1 75.81 95.33 69.24 93.76 74.93 98.12 39.40 91.50 72.67 86.64

2 23.65 65.74 16.68 29.71 36.90 75.91 37.29 68.71 8.92 69.35

3 18.37 64.09 61.61 63.70 51.15 55.26 65.92 80.18 50.63 55.74

4 46.97 55.35 51.02 93.45 36.62 78.95 84.07 92.36 96.58 100.53

5 47.41 77.74 19.85 70.48 19.47 49.83 11.00 60.71 46.17 71.79

6 23.65 65.25 18.42 32.40 39.84 78.35 41.73 73.65 11.61 69.54

7 7.91 66.78 33.60 13.08 6.32 56.29 5.28 61.50 4.01 43.80

8 4.68 23.76 5.86 30.75 10.97 69.95 55.07 70.84 25.43 57.20

9 44.70 57.54 28.14 72.78 28.95 52.88 61.80 59.80 16.75 61.18

10 23.36 48.90 15.67 15.99 32.49 61.32 58.43 57.55 79.44 87.61

11 47.14 62.22 30.57 75.22 28.13 55.32 65.23 61.23 19.18 63.61

12 43.07 56.40 26.51 71.90 26.82 51.75 60.42 55.17 15.62 60.05

Mean 33.89 61.59 31.43 55.27 32.71 65.33 48.80 69.43 37.25 68.92

SD 19.53 16.17 18.68 27.87 17.37 14.27 22.06 12.22 29.91 15.22

1 2 3 4 5

RS01
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Table 6.3 Mean ex vivo dose emission (%) all volunteers and formulations: Easyhaler® 

 

 

 

6.5 Analysis of data 

6.5.1 Particle distribution (assessed by SEM) 

The deposition patterns and shape of deposited particles is illustrated in Figures 

6.2-6.41. SEM images represent one slow and fast inhalation of three 

formulations for two inhalers from a female volunteer (Figures 6.2-6.21) and a 

male volunteer (Figures 6.22-6.41). Figures show the deposition pattern and 

particle shape for the RS01® and Easyhaler® devices alternately: slow 

inhalation, formulation 1; fast inhalation, formulation 1; slow inhalation 

formulation 2, fast inhalation, formulation 2 and so forth. 

It can be seen that in both volunteers the particles of commercial mannitol 

(Figures 6.10-6.13 and 6.30-6.33) and marketed lactose (Figures 6.18-6.21 and 

6.38-6.41) are less elongated than those of the crystallised mannitol (Figures 

6.2-6.5 and 6.22-6.25). Deposition patterns reveal more particles being 

deposited in the commercial mannitol and marketed lactose-budesonide for 

Formulation

Inhalation 

flow (l/mIn)
slow (30) fast (60) slow (30) fast (60) slow (30) fast (60) slow (30) fast (60) slow (30) fast (60)

Volunteers

1 72.97 68.57 69.19 76.58 96.13 93.67 76.85 92.83 90.24 96.08

2 69.54 83.03 50.79 64.99 22.09 68.25 19.27 68.01 65.68 59.94

3 21.20 81.49 17.05 76.36 47.46 61.63 71.89 83.07 58.71 72.93

4 17.17 64.43 64.98 97.79 70.51 80.24 51.06 93.04 59.24 92.42

5 22.83 45.83 18.36 60.55 52.51 69.46 60.99 93.76 23.30 66.71

6 71.09 81.13 50.26 65.02 27.28 70.93 22.21 73.95 66.62 61.37

7 28.09 65.14 57.14 64.27 21.08 52.33 24.24 61.39 51.35 76.10

8 24.54 53.94 7.58 83.31 21.56 69.08 25.74 46.60 9.75 42.65

9 31.82 64.98 13.94 43.26 45.15 83.62 56.86 95.83 63.65 91.60

10 39.39 49.73 42.73 89.31 49.70 58.72 68.46 89.31 89.48 96.09

11 37.26 70.67 16.38 45.69 47.58 86.05 57.79 95.76 66.09 94.04

12 30.44 64.10 12.81 42.13 44.01 82.49 55.22 90.95 62.52 86.47

Mean 38.86 66.09 35.10 67.44 45.42 73.04 49.21 82.04 58.89 78.03

SD 19.64 11.59 21.86 17.28 21.05 11.79 19.91 15.36 22.08 16.80

51 3

Easyhaler

2 4
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both volunteers, and at the higher inhalation rate, although the variations are 

greater in the female than the male.  

Deposition patterns reveal greater agglomeration and more drug particles 

sticking to the commercial mannitol and lactose carriers for both volunteers, 

suggesting they may reach but not deaggregate into the deep lung. More drug 

particles also stick to the carrier at the higher inhalation rate, although the 

variations are greater in the female than the male. Since the particle sizes in the 

mannitol formulations were similar, the difference in degree of agglomeration is 

likely to be attributable to the properties of the carrier and their interaction with 

the properties of the drug. 

The addition of fine beta mannitol particles in F2 made no visible difference 

(example comparison in Figures 6.2 and 6.6) but at fast inhalation there was 

some evidence of fine particle agglomeration (example comparison in Figures 

6.8 and 6.12). Figures 6.33 and 6.34 show that whilst agglomeration of particles 

was present with F3 and with the addition of fines in F4, the fine particles did 

not appear to agglomerate separately from the carrier particles. These figures 

and Figure 6.36 reveal drug particles adhering to the carrier, possibly due to 

high surface energy and adhesion forces. 

 

Figure 6-1 SEM formulation 1 crystallised mannitol and budesonide RS10 inhaler slow 
inhalation (a) magnification x30 showing particle distribution and (b) magnification x500 showing 
particle shape 



 

105 
 

 

Figure 6-2 SEM formulation 1 crystallised mannitol and budesonide RS10 inhaler fast inhalation 
(a) magnification x30 showing particle distribution and (b) magnification x500 showing particle 
shape 

 

 

Figure 6-3 SEM formulation 1 crystallised mannitol and budesonide Easyhaler slow inhalation 
(a) magnification x30 showing particle distribution (b) magnification x500 showing particle shape 

 

 

Figure 6-4 SEM formulation 1 crystallised mannitol and budesonide Easyhaler fast inhalation (a) 
magnification x30showing particle distribution (b) magnification x500 showing particle shape 
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Figure.6-5 Formulation 2 crystallised and fine beta mannitol and budesonide RS10 inhaler slow inhalation (a) 
magnification x30 showing particle distribution (b) magnification x500 showing particle shape 

 

 

Figure 6-6 Formulation 2 crystallised and fine beta mannitol and budesonide RS10 inhaler fast inhalation (a) 
magnification x30 showing particle distribution (b) magnification x500 showing particle shape 

 

 

Figure 6-7 Formulation 2 crystallised and fine beta mannitol and budesonide Easyhaler inhaler slow inhalation (a) 
magnification x30 showing particle distribution (b) magnification x500 showing particle shape 
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Figure 6-8 Formulation 2 crystallised and fine beta mannitol and budesonide Easyhaler fast inhalation (a) 
magnification x30 showing particle distribution (b) magnification x500 showing particle shape 

 

 

Figure 6-9 Formulation 3 commercial DPI grade mannitol and budesonide RS10 inhaler slow inhalation (a) 
magnification x30 showing particle distribution (b) magnification x500 showing particle shape 

 

Figure 6-10  Formulation 3 commercial DPI grade mannitol and budesonide RS10 inhaler fast inhalation (a) 
magnification x30 showing particle distribution (b) magnification x500 showing particle shape 
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Figure 6-11 Formulation 3 commercial DPI grade mannitol and budesonide Easyhaler slow inhalation (a) 
magnification x30 showing particle distribution (b) magnification x500 showing particle shape 

 

 

Figure 6-12  Formulation 3 commercial DPI grade mannitol and budesonide Easyhaler fast inhalation (a) 
magnification x30 showing particle distribution (b) magnification x500 showing particle shape 

 

 

Figure 6-13 Formulation 4 fine beta mannitol, commercial DPI grade mannitol and budesonide RS10 inhaler slow 
inhalation (a) magnification x30 showing particle distribution (b) magnification x500 showing particle shape 
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Figure 6-14 Formulation 4 fine beta mannitol, commercial DPI grade mannitol and budesonide RS10 inhaler fast 
inhalation (a) magnification x30 showing particle distribution (b) magnification x500 showing particle shape 

 

 

Figure 6-15 Formulation 4 fine beta mannitol, commercial DPI grade mannitol and budesonide Easyhaler slow 
inhalation (a) magnification x30 showing particle distribution (b) magnification x500 showing particle shape 

 

 

Figure 6-16 Formulation 4 fine beta mannitol, commercial DPI grade mannitol and budesonide Easyhaler fast 
inhalation (a) magnification x30 showing particle distribution (b) magnification x500 showing particle shape 
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Figure 6-17 Formulation 5 marketed lactose and budesonide RS10 inhaler slow inhalation (a) magnification x30 
showing particle distribution (b) magnification x500 showing particle shape  

 

 

Figure 6-18 Formulation 5 marketed lactose and budesonide RS10 inhaler fast inhalation (a) magnification x30 
showing particle distribution (b) magnification x500 showing particle shape  

 

Figure 6-19 Formulation 5 marketed lactose and budesonide Easyhaler slow inhalation (a) magnification x30 
showing particle distribution (b) magnification x500 showing particle shape 
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Figure 6-20 Formulation 5 marketed lactose and budesonide Easyhaler fast inhalation (a) magnification x30 showing 
particle distribution (b) magnification x500 showing particle shape 

 

Figures 6.22-6.41 are images of deposition from the male volunteer. 

 

Figure 6-21 SEM formulation 1 crystallised mannitol and budesonide RS10 inhaler slow inhalation (a) magnification x 
30 showing particle distribution (b) magnification x500 showing particle shape  

 

 

Figure 6-22 SEM formulation 1 crystallised mannitol and budesonide RS10 inhaler fast inhalation (a) magnification x 
30 showing particle distribution (b) magnification x500 showing particle shape 
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Figure 6-23 SEM formulation 1 crystallised mannitol and budesonide Easyhaler slow inhalation (a) magnification x 
30 showing particle distribution (b) magnification x500 showing particle shape 

 

Figure 6-24 SEM formulation 1 crystallised mannitol and budesonide Easyhaler fast inhalation (a) magnification x 30 
showing particle distribution (b) magnification x500 showing particle shape 

  

Figure 6-25 Formulation 2 crystallised and fine beta mannitol and budesonide RS10 inhaler slow inhalation (a) 
magnification x30 showing particle distribution (b) magnification x500 showing particle shape 
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Figure 6-26 Formulation 2 crystallised and fine beta mannitol and budesonide RS10 inhaler fast inhalation (a) 
magnification x30 showing particle distribution (b) magnification x500 showing particle shape 

  

Figure 6-27 Formulation 2 crystallised and fine beta mannitol and budesonide Easyhaler slow inhalation (a) 
magnification x30 showing particle distribution (b) magnification x500 showing particle shape 

 

 

Figure 6-28 Formulation 2 crystallised and fine beta mannitol and budesonide Easyhaler fast inhalation (a) 
magnification x 30 showing particle distribution (b) magnification x500 showing particle shape 
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Figure 6-29 Formulation 3 commercial DPI grade mannitol and budesonide RS10 inhaler slow inhalation (a) 
magnification x 30 showing particle distribution (b) magnification x500 showing particle shape  

 

 

Figure 6-30  Formulation 3 commercial DPI grade mannitol and budesonide RS10 inhaler fast inhalation (a) 
magnification x 30 showing particle distribution (b) magnification x500 showing particle shape  

 

Figure 6-31  Formulation 3 commercial DPI grade mannitol and budesonide Easyhaler slow inhalation (a) 
magnification x30 showing particle distribution (b) magnification x500 showing particle shape 
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Figure 6-32 Formulation 3 commercial DPI grade mannitol and budesonide Easyhaler fast inhalation (a) 
magnification x 30 showing particle distribution (b) magnification x500 showing particle shape 

 

 

Figure 6-33 Formulation 4 fine beta mannitol, commercial mannitol and budesonide RS10 inhaler slow inhalation (a) 
magnification x 30 showing particle distribution (b) magnification x500 showing particle shape 

 

 

Figure 6-34 Formulation 4 fine beta mannitol, commercial mannitol and budesonide RS10 inhaler fast inhalation (a) 
magnification x 30 showing particle distribution (b) magnification x500 showing particle shape 
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Figure 6-35 Formulation 4 fine beta mannitol, commercial DPI grade mannitol and budesonide Easyhaler slow 
inhalation (a) magnification x 30 showing particle distribution (b) magnification x500 showing particle shape 

 

 

Figure 6-36 Formulation 4 fine beta mannitol, commercial DPI grade mannitol and budesonide Easyhaler fast 
inhalation (a) magnification x 30 showing particle distribution (b) magnification x500 showing particle shape 

 

 

Figure 6-37 Formulation 5 marketed lactose and budesonide RS10 inhaler slow inhalation (a) magnification x 30 
showing particle distribution (b) magnification x500 showing particle shape 
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Figure 6-38 Formulation 5 marketed lactose and budesonide RS10 inhaler fast inhalation (a) magnification x30 
showing particle distribution (b) magnification x500 showing particle shape 

 

 

Figure 6-39 Formulation 5 marketed lactose and budesonide Easyhaler slow inhalation (a) magnification x30 
showing particle distribution (b) magnification x500 showing particle shape 

 

 

Figure 6-40 Formulation 5 marketed lactose and budesonide Easyhaler fast inhalation (a) magnification x 30 
showing particle distribution (b) magnification x500 showing particle shape 
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Images for crystallised mannitol (Figure 6.42), commercial mannitol (Figure 

6.43) and budesonide (Figure 6.44) are presented below. 

  

 

Figure 6-41 Crystallised mannitol (a) magnification x 100 showing particle distribution (b) 
magnification x 500 showing particle shape magnification 

 

 

 

Figure 6-42 Commercial DPI grade mannitol (a) magnification x 100 showing particle distribution 
(b) magnification x 500 showing particle shape magnification 
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Figure 6-43 Budesonide (a) magnification x 100 showing particle distribution (b) magnification x 
500 showing particle shape magnification 

 

Particles of DPI grade mannitol and marketed lactose are less elongated than 

those of the crystallised mannitol. The images reveal greater agglomeration and 

more drug particles sticking to the DPI grade mannitol and lactose carriers for 

both volunteers but more prominent with the commercial mannitol, suggesting 

they may have less dispersion into the deep lung. Less drug particles also stick 

to the carrier with the dose delivered using RS01® inhalers at fast inhalation, 

indicating that RS01® inhaler provides better performance at fast inhalation 

compared to Easyhaler®. 

6.5.3 Ex vivo dose emission by formulation and device 

Summary mean dose emission from the RS01® and Easyhaler® for all five 

formulations is shown in Table 6.4 (slow inhalation) and Table 6.5 (fast 

inhalation). Results are evaluated alongside the aerodynamic characteristics 

from the in-vitro assessment in Chapter 5 (Tables 5.12 and 5.13) and summary 

of NGI deposition in stages 2-MOC (Table 6.6).  

Dose emission was lower overall for the RS01® than the Easyhaler®, possibly 

because lower inspiratory flow is required for the higher resistance Easyhaler® 

which may therefore be less reliant on the force of inhalation. Emission is flow-

dependent to some extent in all DPIs and the FPF or FPD of a formulation 

measured at set rate in vitro does not necessarily predict dose emission with 

any particular device. For example, at fast inhalation, dose emission of F1, F2 
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and F5 was lower than might have been predicted from the NGI results, while 

dose emission of F3 (commercial mannitol) was higher. 

Table 6.4 Mean (SD) total emitted dose from the RS01® and Easyhaler® at slow inhalation  

 

Table 6.5 Mean (SD) total emitted dose from the RS01® and Easyhaler® at fast inhalation 

 

Table 6.6 NGI deposition stages 2-MOC 

       
    RS01 

Formulation   F1 F2 F3 F4 F5 

RS01®  166.92 85.61 64.19 69.61 128.18 

       
Easyhaler®  67.86 70.20 56.40 89.60 79.17 

              

       
6.6 Discussion 

Consideration of the SEM images highlights differences between slow and fast 

inhalation, delivery devices and, to a lesser extent, inhalation technique. SEM 

images showed that particles of crystallised mannitol (F1) were more elongated 

than commercial DPI grade mannitol (F3) or lactose (F5). For crystallised 

mannitol, with slow inhalation, more drug particles adhered to carrier with the 

Easyhaler® than with the RS01® which indicates less drug particles would be 

delivered to the lung. Fewer drug particles attached to elongated carrier 

particles of F1 than to the F3 or F5 carriers.  NGI results (Chapter 5) suggested 

drug detachment in the middle to lower airways and hence deposition is greater 

with crystallised than with commercial DPI grade mannitol, possibly due to lower 

F1 F2 F3 F4 F5

RS01® 33.89 (19.53) 31.43 (18.68) 32.71 (17.37) 48.80 (22.06) 37.25 (29.91)

Easyhaler® 38.86 (19.64) 35.10 (21.86) 45.42 (21.05) 49.21 (19.91) 58.89 (22.08)

F1 F2 F3 F4 F5

RS01® 61.59 (16.17) 55.27 (27.87) 65.33 (14.27) 69.43 (12.22) 68.92 (15.22)

Easyhaler® 66.09 (11.59) 67.44 (17.28) 73.04 (11.79) 82.04 (15.36) 78.03 (16.80)
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cohesion of carrier particles as proposed by Kaialy et al. (2010). Elongated 

carrier particles have been variously associated with higher drug deposition with 

crystallised than mannitol, with particular reference to naturally occurring fines 

(Kaialy and Nokhodchi 2013). Crystallisation in their study used varying 

concentrations of supersaturated aqueous solutions of mannitol cooled at room 

temperature then 96 hours later dried in an oven at 60 °C for 24 h. Commercial 

mannitol was used as a control (Kaialy and Nokhodchi 2013). Elongated 

particles have also been associated with both poor flowability and high FPF of 

61% with budesonide (Momin et al. 2011).  

The effect of adding fine particles of crystallised mannitol was interesting; dose 

emission was reduced when crystallised milled fines were added to crystallised 

mannitol but increased when they were added to commercial DPI grade 

mannitol at slow and fast inhalation. The increase was associated with a 

decrease in both dispersive and polar surface energy of F4. 

Agglomeration tendency was lower with F1 than other formulations containing 

mannitol (F2, F3 and F4). Although drug particles of F1 entrained on the filter 

were smaller, the lung deposition would likely be greater  as corroborated by 

NGI results for the RS01® device. It is hypothesized that the surface energy 

and turbulence patterns of the RS01® may be responsible.  

For both inhalers at both fast and slow inhalations, the distribution of all 

formulations was relatively sparse with a high degree of agglomeration, in 

agreement with agglomeration tendency attributed to relatively high electrostatic 

charge density of budesonide compared with salbutamol sulphate (Kaialy and 

Nokhodchi, 2016).  

For marketed lactose and budesonide (F5), slow inhalation from the RS01® 

inhaler showed less drug particles adhered to carrier which indicates more of 

the drug particles collected on the filter would have the potential to be delivered 

to the lung than commercial DPI grade mannitol while it would have similar 

deposition to F1. Slow inhalation from the Easyhaler® indicated the deposition 

in the lung is likely to be greater than from the RS01®. However, fast inhalation 

from Easyhaler® showed more drug particles adhered to carrier. This indicates 

that less drug particles would be likely delivered to the lower airways than from 

the RS01®. This indicates that the turbulent energy and shear of the airflow 

generated in RS01® is more efficient for breaking down the drug particles into 
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respirable size range before detachment from the carrier particles. This is 

supported by NGI results (chapter 5).  

Ex vivo delivered doses were, as expected, affected by breathing technique and 

individuals’ airways as well as DPI. Five of the 12 volunteers showed dose 

emission less than 10% at slow inhalation from RS01®, compared with only one 

using Easyhaler®.  This indicates that dose delivery at slow inhalation is more 

reliable with the Easyhaler® than the RS01®, in agreement with Buttini et al. 

(2016) findings for capsule inhaler, at slow inhalation or where individuals have 

poor breathing technique.  

FPF, considered to have a significant effect on total lung deposition (van 

Holsbeke et al. 2014), was higher with the RS01® inhaler for all three 

formulations, which would explain the SEM results obtained with the ex-vivo at 

fast inhalation where more drug particles adhered to carrier from Easyhaler® 

and hence less of these particles were delivered to the deep lung. Momin et al. 

(2011) similarly found mannitol with budesonide had higher FPF than 

alternatives. MMAD of 3 or less, shown to improve delivery to central and 

peripheral lung (van Holsbeke et al. 2014), was best with F3 lactose-

budesonide in RS01® (2.77 μm) and Easyhaler® (3.14 μm) closely followed by 

F1 crystallised mannitol (3.2 μm). Other MMAD metrics were outside desirable 

range, indicating both agglomeration tendency of budesonide and influence of 

different devices. GSD was within an acceptable range for all formulations (from 

1.8 F2 Easyhaler® to 2.38 F1 Easyhaler®). 

Differences in surface energy may help to explain differences in aerosol 

performance. Crystallised mannitol and lactose had lower surface energy than 

commercial DPI grade mannitol which could indicate less drug-carrier 

interaction and easier detachment of drug as suggested by Jones et al. (2008) 

leading to better aerosol performance, However, this was refuted by the ex-vivo  

results,  indicating the importance of device selection. The ratio of polar to 

dispersive energy was highest in the marketed lactose-budesonide formulation, 

followed by crystallised milled mannitol, then budesonide alone, with 

commercial mannitol having the lowest ratio of polar to dispersive energy. The 

cohesive forces associated with polar energy may be counteracted to an extent 

by the dispersive energy of commercial mannitol. Direct comparison of the 

surface energy components suggests that the ratio of polar energy of carrier to 

drug may exert a greater influence than differences in dispersive energy.  
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6.7 Conclusion 

This ex vivo evaluation of four formulations of mannitol-budesonide and 

marketed lactose-budesonide (Easyhaler® 200 mg).demonstrated significant 

differences in dose emission between mean slow and fast inhalations with each 

inhaler, together with noticeably lower dose emission at slow inhalation rate in 

the RS01®. This may be attributable to the higher resistance of the Easyhaler® 

and attendant higher turbulence at slower inhalation rate.  

SEM images showed greater agglomeration and adherence of drug particles to 

the commercial mannitol and lactose carriers, which indicates they may reach 

the deep lung but not but not deaggregate there. At fast inhalation, addition of 

fines also suggested fine particle agglomeration. Particle sizes in the mannitol 

formulations were similar and therefore the difference in agglomeration may be 

attributable to the interaction of properties of the carrier with those of the drug. 

Surface energy is one of the sources of interaction and direct comparison of the 

surface energy components indicates that the ratio of polar energy of carrier to 

drug may be more important in this regard than differences in dispersive 

energy. Ex-vivo results, however, suggest that choice of DPI is at least as 

important as achieving an optimal formulation as Easyhaler® is not suitable for 

use with mannitol as a carrier.
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Chapter 7 Conclusions and future work 

7.1 Introduction 

This study has offered a novel ex vivo comparative evaluation of formulations of 

budesonide with crystallised β-form mannitol, commercial DPI grade mannitol 

and lactose. The lactose-budesonide was the marketed Easyhaler® 200 g 

formulation. It has investigated characteristics of crystallised mannitol 

polymorphs and formulations of mannitol carrier with budesonide. Crystallised β 

mannitol was sieved to obtain particles in the size range 63-90 µm and fines 

prepared by comminution using air jet milling. Two formulations were prepared 

by blending mannitol particles with fines in the ratio 95:5, one using crystallised 

mannitol and the other commercial DPI grade mannitol. In vitro assessment of 

all five formulations using two DPIs, Easyhaler® multi-dose high resistance 

inhaler with reservoir and RS01® single dose capsule low resistance inhaler, 

was conducted with NGI and HPLC. Surface energies of formulations were 

measured with IGC. Ex vivo evaluation of deposition compared results from the 

Easyhaler® with those from the RS01® device at two different inhalation rates. 

Dose emission was greater for all formulations with higher inhalation flow, 

indicating greater detachment of drug from carrier, and greater with the 

Easyhaler®, highlighting the importance of correct device for formulation. 

Emission was lowest at both inhalation rates for crystallised mannitol, due to 

poor flowability resulting from elongated shape causing interception deposition. 

Surface energies were also implicated; polar surface energies of drug and 

carrier were closely matched which may have inhibited doses emission. The 

promising aerodynamic characteristics (MMAD, GSD, FPF and FPD) of 

crystallised mannitol with the RS01® inhaler and lactose-budesonide from in 

vitro assessment were not supported by ex vivo results, highlighting the need 

for careful selection of device. 

7.2 General discussion 

Pulmonary route delivery of active pharmaceutical ingredients (APIs) has 

attracted increased interest and importance (Nokhodchi and Martin 2015). 

Second step treatment of chronic asthma typically involves budesonide 

although improvements to existing therapies continue to be sought, including 

design of formulations and DPIs (Hoppentocht et al. 2014). Drug, carrier and 

device have to work as an optimum system to ensure therapeutic benefit to the 
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patient. As each device exhibits different combinations of design characteristics 

to create the turbulent energy needed for deaggregation of drug from carrier, 

careful selection of device for a particular formulation is essential. 

Formulation factors that enhance dose delivery include a greater proportion of 

FPF (particles smaller than 5 μm) (Kaialy et la. 2012b; de Boer et al. 2015), 

although particles smaller than1 μm tend to be exhaled. Particle morphology 

also affects deposition (Kaialy et al. 2011). Surface energy is also considered 

important since lower surface energy is thought to reduce drug-carrier 

interaction and aid detachment (Jones et al. 2008), while it is argued that carrier 

particles can reduce cohesive forces between drug particles (Saleem et al. 

2008). Fine particles have higher dispersive energy than coarse particles; a 

suitable blend may produce increased homogeneity of the surface energy of 

carrier particles (Ho et al. 2010) and hence the distribution of drug on carrier 

particles.  

At the time of writing, no studies were found using finite dilution IGC to 

investigate drug-carrier adhesion; none were conducted prior to 2016 (Jones 

and Buckton 2016), However, finite IGC has been used with NGI to identify that 

supercritical fluid particle design can lower surface energy of budesonide and 

thus enhance lung deposition (Sun 2016). Processing causes changes in 

surface area and energy which can affect formulation and performance, 

therefore formulations in this study were checked with IGC.  

Results of assessment of the physico-chemical properties of the three 

crystallised mannitol polymorphs demonstrated that the β-form of crystallised 

mannitol was the only one to exhibit sufficient stability to be used for the 

formulations in this study. Alpha partially transformed to beta at 25 °C using 

water as solvent due to relationships between polymorphs and the effect of 

water on transitions. Delta transformed to beta at room temperature, in 

agreement with Dierks and Korter (2016). The increase in dispersive surface 

energy revealed by IGC is attributed to the hygroscopicity of mannitol allowing 

increased wetting of surfaces through binding to hydroxyl groups over a greater 

surface area and consequently higher dispersive energy.  

For the mannitol-based formulations, in contrast to a number of previous studies 

(e.g. Momin et al. 2011; Kaialy and Nokhodchi 2016), the present study 

employed typical ratios used in the pharmaceutical of drug to carrier (1:67.5) 
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and coarse to fine particles (95:5). Of the 27 batches prepared under varying 

mixing conditions, those with lowest RSD were selected for use in the in vitro 

and ex vivo assessments. Aerodynamic assessment of particle size distribution 

of budesonide was conducted with NGI in accordance with recognised 

standards (USP 37-NF32, Chapter 2014, Ph.Eur. 9.0, 2.9.18), filling the 

Easyhaler® device and capsules for the RS01® with powder. Dose emission at 

each stage of the NGI was analysed with HPLC.  

Whilst aerodynamic particle size (MMAD) and distribution (GSD) were of similar 

range in all five formulations, there was greater variability by formulation and 

device in dose emission, FPF% and FPD. With the RS01®, FPF% tended to be 

higher and much higher with crystallised mannitol (11.2% with Easyhaler® and 

41.6% with RS01®). The addition of fines to crystallised mannitol led to a 

decrease in FPF% with the both inhalers, to differing extents. However, the 

addition of fines to commercial DPI grade led to an increase in FPF%, slight in 

the RS01® but an increase of around 30% in the Easyhaler. Variability of FPD 

may be attributable to the combination of device and formulation. These results 

demonstrate the effects of formulation and device.  

Lung deposition from an inhaler is dependent on the device as well as 

formulation and inhalation technique. Deposition of budesonide was greater in 

stages 2-MOC with crystallised than with commercial DPI grade mannitol from 

both inhalers. This may be related to the surface energy of crystallised mannitol 

being lower than that of commercial DPI grade mannitol. It was higher from the 

RS01® than the Easyhaler®, as was in-vitro deposition of the marketed lactose-

budesonide formulation. All formulations other than F5 exhibited higher 

deposition in the lowest levels with the RS01®. 

When fines were added, the amount of deposition in the upper stages from the 

Easyhaler® indicated that they impaired flowability, possibly due to 

agglomeration during aerosolization. The assessment of dry powder flowability 

using Carr’s Index indicated that the addition of fines improved flowability but 

this was reversed during measurement of in-vitro deposition.  

Together with the combination of characteristics of formulation and device, 

individuals’ breathing patterns and variable humidity of breath may influence 

drug deposition. This was examined in the ex vivo evaluation. 
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Images indicated that tendency to agglomerate was less with crystallised 

mannitol than with the other mannitol formulations. Drug particles from 

crystallised mannitol formulation entrained on the filter were smaller, although 

lung deposition would probably be higher as indicated by NGI results for the 

RS01®. It is hypothesized that the surface energy and turbulence patterns of 

the RS01® may be responsible.  

For both inhalers at both inhalation rates, distribution of all formulations was 

relatively sparse and showed a high level of agglomeration, a finding consistent 

with the relatively high electrostatic charge density of budesonide identified by 

(Kaialy and Nokhodchi, 2016).  

Images of crystallised mannitol showed greater elongation of particles than 

commercial DPI grade. Images of the marketed lactose-budesonide formulation 

at slow inhalation from the RS01® inhaler showed fewer drug particles adhering 

to carrier which suggests more of the drug particles collected on the filter would 

have the potential to be delivered to the lung than commercial DPI grade 

mannitol. This corresponds with RS01® inhaler exhibiting higher FPF, which is 

deemed to significantly affect total lung deposition (van Holsbeke et al. 2014). 

Slow inhalation from the Easyhaler® indicated that deposition in the lung is 

likely to be greater than from the RS01®, although at fast inhalation, 

Easyhaler® showed greater adherence of drug particles to carrier which is likely 

to result in fewer drug particles deposited in lower airways than from the 

RS01®. This points to greater efficiency in breaking down drug particles into 

respirable size range before detachment from carrier particles due to turbulent 

energy and shear of the airflow, as indicated by in vitro NGI results.  

Ex vivo delivered doses indicated that the reservoir-based Easyhaler® was 

more reliable than capsule-based RS01®at slow inhalation, in agreement with 

Buttini et al. (2016). Surface energy may help to explain differences in aerosol 

performance. Crystallised mannitol and lactose had lower surface energy than 

commercial DPI grade mannitol; this suggests lower drug-carrier interaction 

facilitating detachment of drug, in agreement with Jones et al. (2008). However, 

this was contradicted by the ex-vivo results, which highlights the importance of 

device selection for a given formulation. 

Surface energies may be implicated. The ratio of polar to dispersive energy was 

highest in the marketed lactose-budesonide formulation, followed by crystallised 
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milled mannitol, then budesonide alone, with commercial mannitol having the 

lowest ratio of polar to dispersive energy. The cohesive forces associated with 

polar energy may be counteracted to an extent by the dispersive energy of 

commercial mannitol. Direct comparison of the surface energy components 

suggests that the ratio of polar energy of carrier to drug may exert a greater 

influence than differences in dispersive energy.   

7.3 Conclusion 

Assessment of characteristics of the three mannitol polymorphs (alpha, beta, 

delta) prepared from simple and relatively inexpensive methods indicated that 

the beta form was the most stable under humidity. Stability of the beta form was 

confirmed by IGC results, indicating the likelihood of greater stability during 

manufacture and storage. Beta mannitol was therefore selected for the dry 

powder formulation and ex vivo stages of this study. 

Four laboratory-prepared formulations were selected for their highest degree of 

homogeneity for in vitro assessment of deposition using NGI. Comparison was 

made with marketed lactose-budesonide (Easyhaler® 200 mg). Flowability and 

surface energies of all materials were measured, as was particle size 

distribution for the laboratory-prepared formulations. Flowability alone indicated 

that commercial DPI grade mannitol with budesonide should yield higher drug 

deposition ex-vivo or in-vivo than marketed lactose-budesonide or crystallised 

mannitol-budesonide.    

Deposition was influenced by the device in addition to the formulation. The 

capsule-based RS01® exhibited having higher FPF than the multi-dose 

Easyhaler® for all formulations except commercial DPI grade mannitol with 

crystallised milled beta mannitol fines.  

Ex vivo assessment demonstrated that, for all formulations, dose emission was 

higher with higher inhalation flow. Dose emission as lowest at both inhalation 

rates for crystallised mannitol, due to poor flowability resulting from surface 

energies and elongated shape causing interception deposition. Surface 

energies of commercial DPI grade mannitol are closer to optimisation for 

release and deposition of budesonide. Differences in dispersive and polar 

energies, together with differences in total surface energy, affect formulation 

properties. Optimisation of surface energies of each formulation is essential for 

appropriate release and deposition of drug.  
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Particle morphology indicated that elongated carrier particles are not suitable for 

use with the Easyhaler®. Interestingly, while ex vivo deposition was higher with 

the higher resistance Easyhaler®, the superior aerodynamic performance of the 

marketed formulation was achieved when used with the RS01®.This has 

highlighted the importance of selecting the correct device.  

Surface energy is one of the sources of interaction and direct comparison of the 

surface energy components indicates that the ratio of polar energy of carrier to 

drug may be more important in this regard than differences in dispersive 

energy. Ex-vivo results, however, suggest that choice of DPI is at least as 

important as achieving an optimal formulation as Easyhaler® is not suitable for 

use with mannitol as a carrier. 
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PROPOSAL 

Ex-vivo determination of dose emission of budesonide from dry powder inhalers 

using mannitol as a carrier in the formulations 

Lung deposition from an inhaler is dependent on the inhaler, its formulation and 

the inhalation technique used. Each inhaler due to its formulation and device–

design requires a specific inhalation technique. For DPI the inhalation 

manoeuvre should be fast from the start of inhalation and sustained for as long 

as possible. Many patients experience problems using their devices correctly. 

Poor inhalation technique can markedly reduce the proportion of the drug that 

reaches the lungs. Clinical studies have found that up to 90% of patients have 

problems using their MDI or DPI sufficiently well to benefit from dose 

(Raul,2006)   

Several in vitro studies have shown that the inhalation flow has a significant 

influence on the dosage emission from DPI. Patients inhale at varying flows 

through DPIs and their acceleration rates will differ (Clark and Hollingworth 

1993) . On the other hand, α-lactose is used as a carrier in most of the 

marketed DPI formulations. The aerosolization performance of the delivered 

dose is largely depends on the physical properties of the carrier as they have a 

significant impact on the adhesion and detachment of drug and carrier (Tingting 

2016) In the proposed study, different forms of mannitol will be used to produce 

a range of formulations of budesonide DPI. We have shown using in-vitro 

testing utilising vacuum pump to deliver the dose that the drug emitted from a 

DPI using mannitol has an improved performance including reproducibility and 

content uniformity compared to α-lactose. It is anticipated to compare these in 

vitro results with ex-vivo as this will allow us to assess the dose characteristics 

using human subject inhalation.  

Our study will use an ex-vivo approach to determine the dose emission. Ten 

non-smoking healthy  volunteers will inhale through an active inhaler. The 

mouthpiece of each inhaler will be attached to a tightly fitted mouthpiece 

adaptor. This is connected to a filter holder with a Pari® filter pad to collect the 

drug. This will be placed between the mouthpiece of the DPI and the volunteer’s 

mouth as shown in figure 1.  
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Figure1 Schematic diagram of ex-vivo determination of the emitted dose. 

 

 Each volunteer will inhale from two different DPI devices (Easyhaler and 

Aeroliser) which contain budesonide blended with mannitol as a carrier. The 

filter will be replaced by a fresh one for each inhalation. The entrained dose will 

be analysed by HPLC and examined by SEM.  

Aim and objective 

The study aims to identify the effects of two different inhalers containing 

budesonide mixed with mannitol as a carrier and two different breath flow rates 

on aerosolization performance of the budesonide dose. Volunteer participants in 

the study will be trained to inhale both rapidly and slowly from the two devices 

and no drug formulation will be involved in the training session. When the drug 

formulation is used in the trial, it cannot be inhaled by the participants because 

the pores in the filter are too small to allow the drug formulation particles to pass 

through. The amount of drug deposition on the side of the filter away from the 

volunteer’s mouth allows the determination of the quantity of drug that would 

deliver to the lung. Besides, the physical characteristic of the particles collected 

on the filter will be examined using scanning electron microscope (SEM) 

Work plan  

• All volunteers will sign in consent form and get the patient information 

leaflet. 
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• Demographic data will be collected for the ten non –smoking healthy 

volunteers. 

• All will be trained to inhale through each DPI using slow and fast 

inhalation flows. 

• Each volunteer will inhale at the trained flow rate through an active 

inhaler. 

• The inhaled drug will be collected on the filter which will place between 

the mouthpiece of the inhaler and the volunteer’s mouth. 

• The emitted dose will be determined using HPLC. 

• The physical characteristic of the particles collected on the filter will be 

examined using SEM. 
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Raul, J. (2006) Practical problems with aerosol therapy in COPD. Respir care 

51: 158 – 172 
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VOLUNTEER INFORMATION SHEET 

 

Ex-vivo determination of dose emission of budesonide from dry 

powder inhalers using mannitol as a carrier in the formulations 

Investigator: Fatima Aloum, Krzysztof Paluch and Dr. Khaled Assi 

School of Pharmacy and Medical Sciences, University of Bradford BD7 

1DP 

 

VOLUNTEER INFORMATION SHEET 

This is a research study that we are inviting you to take part in. Before 

you decide whether you wish to participate or not it is important for you to 

understand why the study is being done and what it will involve if you agree to 

take part. Please take time to read the following information carefully. Discuss 

this with your family and friends if you wish. Take time to decide whether or not 

you wish to take part. 

What is the Purpose of the Study? 

α-lactose is used as a carrier in most of the marketed DPI formulations. The 

performance of the delivered dose is largely depends on the physical properties 

of the carrier. We have used different forms of mannitol to produce a range of 

formulations of budesonide DPI. We have shown using in-vitro testing utilising 

vacuum pump to deliver the dose that the drug emitted from a DPI using 

mannitol has an improved performance including reproducibility and content 

uniformity compared to  α-lactose. We want to compare these in vitro results 

with ex-vivo as this will allow us to assess the dose characteristics using human 

subject inhalation. 

Why have I been chosen? 

We need to do our studies in subjects with normal, healthy lungs. The condition 

of the lungs in those with asthma can change very quickly and would affect the 

results. 

Who is organising the study?  



 

160 
 

The study will be carried out at University of Bradford. 

What will happen to me if I take part? 

You will undergo two different phases in the study. They are as follows: 

• Inhalation of two doses slowly from Easyhaler and Aeroliser which contain 

budesonide blended with mannitol as a carrier.  

• Inhalation of two doses rapidly from Easyhaler and Aeroliser which 

contain budesonide blended with mannitol as a carrier.  

You will be trained to inhale both rapidly and slowly from the two devices and no 

drug formulation will be involved in the training session. When the drug 

formulation is used in the trial, it cannot be inhaled by you because the 

mouthpiece of each inhaler will be attached to a tightly-fitted mouthpiece adaptor. 

This will be connected to a filter holder with a Pari® filter pad. The filter is therefore 

placed between the mouthpiece of the DPI and your mouth. The inhaled drug will 

be entrained on the filter. 

Do I have to take part? 

You are under no obligation to agree to take part. Taking part in this research is 

entirely voluntary and so if you do not want to take part you do not have to give 

a reason. If you do decide to take part you will be given this information sheet to 

keep and be asked to sign a consent form. Also, if you decide to take part you 

are still free to withdraw at any time. We will accept your decision without asking 

why. 

What are the possible risks of taking part?  

There is no risk or side effects from this study. 

What are the possible benefits of taking part? 

We hope that the information from the study may help us to study the effects of 

two different inhalers (Easyhaler and Aeroliser) containing budesonide mixed 

with mannitol as a carrier and two different breath flow rates on aerosolization 

performance of the budesonide dose 

What if something goes wrong? 
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If you are harmed due to someone's negligence, then you may have grounds to 

take legal action against the University of Bradford.  

Who will see my records and know about my taking part? 

The information collected about you during the course of this research will be 

kept strictly confidential. For the purpose of this research study, all information 

about you will be anonymous so that you cannot be recognised from it 

The results of the study will be analysed by the University of Bradford and a 

report will be written. You will not be identified in the report. 

SHOULD YOU REQUIRE ANY FURTHER INFORMATION THEN PLEASE 

CONTACT  

Mrs. Fatima Aloum 

School of Pharmacy and Medical Sciences,  

University of Bradford,  

Bradford, BD7 1DP.  

Tel. No. (01274) 232323  Ext. 6265 or e-mail:faloum@bradford.ac.uk 

Thank you very much for taking part in this study  
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VOLUNTEER CONSENT FORM 

 

Ex-vivo determination of dose emission of budesonide from dry powder 

inhalers using mannitol as a carrier in the formulations 

 

VOLUNTEER CONSENT FORM 

This study has been explained to me _____________________________ and 

all my questions have received satisfactory answers. I have read the volunteer 

information sheet and kept a copy. I understand the purpose of the study and 

know what my involvement will be. I have had the opportunity to ask questions 

and discuss the study. I have received satisfactory answers to my questions. 

I understand that I am under no obligation to take part in this research study which 

will take about half an hour of my time. If any time during the study I decide that 

I do not want to continue then I understand that if I do state this then my 

involvement will end. 

I agree to take part in the study. 

 

Signed: ________________________  Date: ____/____/______ 

 

Name (in capitals): _______________________________________________ 

 

Witnessed by: _____________________________  Date: ____/____/______ 

 

Name of the witness (in capitals): ____________________________________ 
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