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Abstract

With the enforcement of the Montreal Protocol on ozone depleting gases, non-ozone 

depleting hydrofluoroalkanes (HFAs), i.e. HFA-134a and HFA-227ea, are now 

replacing the ozone depleting chlorofluorocarbon (CFC) propellants in pressurized 

metered-dose inhalers (pMDIs). The transition has proven to be difficult due to 

differences in the physical and chemical properties, e.g. higher polarity and higher 

vapour pressure. Since commonly used surfactants in CFC pMDIs, i.e. Span 85, oleic 

acid and lecithin are effectively insoluble in HFAs, a surfactant solubility study was 

carried out in this work in order to find HFA soluble surfactants. Further on, surfactant 

solubility in HFA-134a and HFA-227ea was compared with those in 2H,3H- 

decafluoropentane in order assess the latters suitability as a model propellant. This 

was followed by UVA/IS and fluorescence spectroscopic investigations into surfactant 

aggregation and aggregate orientation in HFA propellants. Beclomethasone 

dipropionate (BDP) nanoparticles were formulated from an emulsion template and 

dispersed in HFA-227ea with the aim of improving pulmonary drug deposition efficiency 

and drug targeting to smaller ainA/ays. In vitro drug deposition profiles of BDP 

nanoparticle suspension pMDIs were determined using Andersen Cascade impaction 

and compared to a commercially available BDP suspension CFC pMDI (Becotide™) 

and a BDP solution phase HFA pMDI (Qvar™). Furthermore, the stability of BDP 

nanoparticle suspension pMDIs at elevated conditions was assessed.

Soluble surfactants could be found among the polyoxyethylene-ethers and poly 

(ethylene oxide)-poly (propylene oxide) block copolymers. 2H,3H-decafluoropentane 

has proven to be a good model propellant for HFA-134a only. The investigations into 

surfactant behaviour in HFA propellants suggests a stepwise aggregation of Li 

orientated surfactant aggregates. Depending on formulation variables, e.g. drug 

concentration, surfactant concentration and the addition of cosolvent, an improved drug 

deposition profile compared to the microparticle CFC pMDI was shown for BDP 

nanoparticle pMDIs. The addition of polyvinylpyrrolidone (PVP) to the nanoparticle 

suspension proved to reduce particle growth, thus improved pMDI stability.
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1 General Introduction
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1.1 Pulmonary drug delivery

Pulmonary drug delivery is primarily used for the local treatment of respiratory diseases 

(e.g. asthma, respiratory distress syndrome (RDS), chronic obstructive pulmonary 

disease (CORD), and cystic fibrosis) but also offers opportunities for drug delivery into 

the systemic circulation. The pulmonary delivery of locally-acting drugs directly to their 

site of action by inhalation provides potential advantages for the treatment of lung 

diseases. These include rapid onset of action, reduced dose to achieve 

pharmacological effects, and minimized side effects compared to the same drug 

delivered by mouth. First line asthma therapy is currently the administration of inhaled 

corticosteroids which minimize the problems associated with oral steroids such as 

adrenal suppression, electrolyte imbalance and muscle weakness (Dalby and Suman, 

2003). Moreover, the inhalation route provides an option for safe, painless drug 

delivery to the systemic circulation, especially for macromolecules such as the newer 

class of protein and polypeptide drugs, and is an alternative to injections (Brown, 

2002). However, pulmonary delivery is a complex process that requires a safe and 

efficacious drug, the incorporation of the drug into a formulation or carrier system, the 

design and fabrication of a device to administer the formulation, and the correct use of 

the device by the patient. Thus, the development of successful inhalation products is a 

challenging task and despite the long-term use of inhalation technology since the early 

part of the 20̂  ̂ century, there is still room for improvement in a number of areas, 

including deposition efficiency and targeting. These challenges can be addressed in 

part by particle and device engineering for pulmonary delivery.

1.1.1 Anatomy and physiology of the respiratory system

The primary function of the respiratory system is to permit gas exchange between the 

blood and the atmosphere, i.e. oxygenation of blood and the removal of carbon dioxide 

from the body. This is accomplished by firstly exchanging gases between the external 

environment and the alveolar space through breathing and secondly by exchanging 

gases between the alveolar space and the blood by diffusional processes.

The respiratory system may be divided into three regions (Task-group on lung 

dynamics, 1966): (1) the nasopharyngeal region, also referred to as “upper airways” 

which includes the respiratory airways from the nose down to the larynx; (2) the
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tracheo-bronchial region, also referred to as “central” or “conducting airways”, which 

consists of non-alveolated airways and includes the trachea, bronchi, bronchioles, and 

the terminal bronchioles; (3) the alveolar region, also referred to as the “respiratory 

airways”, “peripheral airways” or “pulmonary region”, comprising the respiratory 

bronchioles, alveolar ducts and alveoli. This is the principal site of gas exchange and 

drug absorption into the systemic circulation. A classic model of the structure of the 

airways (constituting the respiratory system) is the symmetrical dichotomously 

branching model described by Weibel (1963) (Figure 1.1.1). Every branching of the 

“pulmonary tree” leads to a new generation of airways of progressively narrower 

diameter. Each airway divides to form two smaller airways, thus the number of airways 

in each generation is double that of the previous generation.

T  rachea

Bronchi

Bronchioles

Terminal
bronchioles

Respiratory
bronchioles

Alveolar
ducts

Alveolar
sacs

Figure 1.1.1 Simplified illustration o f the human respiratory tract (z = airway 

generation) (Weibel, 1963). The respiratory zones are characterized by the existence 

of alveoli (site o f gas exchange), whereas the conducting zone is involved in air 

conduction.
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Generation (z) Diameter (cm) Length Number Total cross 
section area 

(cm")
0 1.80 12.0 1 2.54

1 1.22 4.8 2 2.33

2 0.83 1.9 4 2.13

3 0.56 0.8 8 2.00

4 0.45 1.3 16 2.48

5 0.35

1

1.07

1

32

1

3.11

1

16
1

0.06 0.17
T

6x  10̂
T

180.0

17

19

20

22

23

0.05 0.1
▼

5 x  10^ 10'

0.04 0.05 8x  10' 10̂

Table 1.1.1 Morphological changes in the airway generations (Weibel, 1963)

The model proposes the existence of 24 airway generations with the trachea being 

generation 0 and the alveolar sacs being generation 23. Airway generation z = 1, 2, 3 

represents the main, lobar, and segmental bronchi followed by intrasegmental bronchi, 

bronchioles, secondary bronchioles, and the terminal bronchioles (z = 4-16). The 

terminal bronchioles (smallest airway without an alveolus) mark the end of the tracheo

bronchial region, which is followed by the alveolar region comprising respiratory 

bronchioles (exhibiting alveoli protruding from the airway wall), alveolar ducts, and 

alveolar sacs (z = 17-23) (Taylor and Kellaway, 2001). In passing from the trachea to 

the alveolar sac, two physical changes occur (Table 1.1.1): (1) the airway diameter 

decreases with increasing generation (tracheal diameter -  1.8 cm versus alveolar
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diameter -  0.04 cm); (2) the surface area of the airways increases with each 

generation to the extent that the total area of the human alveoli is in the order of 

approximately 100 m .̂

The conducting airways do not contribute to gas exchange. The primary function lies in 

the humidification of the inhaled air through exposure to fluids lining these airways (e.g. 

mucus) before entering the respiratory zone. The respiratory zone is the location of the 

gas exchange between the alveolus and the blood in the alveolar capillaries which are 

located in the wall of each alveolus (Sherwood, 1993). The large area for absorption, 

good blood supply, and short transit distances through the thin alveolar epithelium 

(approximately 0.5 pm) optimizes the diffusion process of gases and drug substances 

between the alveoli and the blood.

The epithelium of the airways separates the internal environment of the body from the 

external environment. It comprises a variety of cell types, the distribution of which 

confers different function of the ainA/ay type. From the trachea to the terminal 

bronchioles, the luminal surface is lined with mucus secreting goblet cells, mucus 

glands, and ciliated cells (Hickey and Thompson, 1992). Ciliated cells are responsible 

for the mucus movement up the respiratory tract with the purpose of clearing the lung 

from inhaled particles which are entrapped in the mucus. The mucus, a viscous fluid 

consisting of glycoproteins, builds a thick layer (~ 5 pm) in the epithelium of the 

conducting airways and has three main functions (Hickey and Thompson, 1992): firstly 

it protects the epithelium from dehydration, secondly it is involved in the humidification 

of inhaled air and thirdly it provides a protection barrier against inhaled foreign 

substances. Failure to clear the mucus from the ainA/ays either due to mucus 

hypersecretion or ciliated cell dysfunction (as may occur in cystic fibrosis or chronic 

bronchitis) results in airway obstruction.

In the alveolar region, however, mucus secreting goblet cells are not present, thus a 

mucus layer does not line the peripheral ainA/ays resulting in a much thinner epithelium 

(0.1-0.5 pm). Two cell types are predominately present in the alveolar region 

(Sherwood, 1993; Taylor and Kellaway, 2001): (1) type 1 pneumocyte alveolar cells 

which are thin cells providing a short airway-blood path length for gas and drug 

molecules; (2) type 2 pneumocyte alveolar cells which secrete pulmonary surfactants 

(a mixture of carbohydrates, proteins and lipids). Pulmonary surfactants are essential in 

reducing the surface tension, which diminishes the work of alveolar expansion during 

inspiration.
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Smooth muscle cells are present in the airway walls of the bronchi and bronchioles. 

Contraction and relaxation of these cells influences the airway diameter, hence the 

airflow through the respiratory system. Reversible obstructive airway diseases such as 

asthma is a result of bronchoconstriction caused by the contraction of smooth muscle 

cells in that region (Hickey and Thompson, 1992; Washington et al., 2001).

1.1.2 Aerosol deposition in the airways

Aerosols used by patients should reach the desired location in sufficient quantity in 

order to be effective and hence it is important to consider mechanisms of deposition 

and factors influencing aerosol deposition in the lung.

There are five mechanisms of deposition: inertial impaction, sedimentation, diffusion, 

interception and electrostatic precipitation (Gonda, 1992).

Inertial impaction is the most important mechanism of deposition for particles greater 

than 5 pm (Gershwin, 1986). It is caused by the tendency of particles with sufficient 

momentum (a product of mass and velocity) to travel in a straight direction, hence they 

are unable to follow changes in direction of the airstream within the airway system. The 

extent of inertial impaction depends upon the particle momentum, thus particles with 

larger diameters and higher densities and those travelling in airstreams with higher 

velocities, e.g. in the upper airways or in partially obstructed airways, are more likely to 

deposit by impaction. Airflow velocities in the main bronchi are estimated to be 100-fold 

higher than in the terminal bronchioles and 1000-fold higher than in the alveolar region 

(Taylor and Kellaway, 2001).

Sedimentation occurs when particles settle under the force of gravity (Hinds, 1998). It 

typically takes place in airways where the airstream is relatively low, i.e bronchioles 

and alveolar region, and therefore particles are subject to gravitational force for a 

longer period of time. A sphere of diameter D, and density d, under the influence of 

gravitational force, will have a terminal settling velocity Vts, governed by Stokes law 

(Equation 1.1.1):
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d X D X q
V t s =  ------- ------------

18n

Equation 1.1.1

g = gravitational acceleration 

n = viscosity

Similar to inertial impaction, the probability of sedimentation increases with the particle 

momentum.

Diffusion is an important mechanism only for particles of less than 1 pm and occurs 

mainly in airway regions where the airflow is very low, i.e. alveolar region (Martonen 

and Yang, 1996; Taylor and Kellaway, 2001). Submicron particles are displaced by 

random bombardment of gas molecules and collide with the airway walls. In contrast to 

inertial impaction and sedimentation, diffusion processes increase with particle size but 

are independent of the particle density (Gonda, 1992).

Deposition via Interception takes place when the dimensions of the airways become 

comparable to those of the particle. Electrostatic precipitation may sometimes occur 

when charged particles, typically charged during atomization, are electronically 

attracted by a charge of the opposite sign in the ain/vays wall. However, interception 

and electrostatic precipitation are deposition mechanisms are generally of less 

importance (Gonda, 1992). A schematic illustration of the most important deposition 

mechanisms is presented in Figure 1.1.2.
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Figure 1.1.2 Schematic illustration o f the most important deposition mechanisms in 

the airway system

The amount of aerosolized medication that deposits through these mechanisms in a 

given region in the lung depends on physical properties of the aerosol particle (size, 

shape and density), ventilation factors (e.g. inspiration flow rate) and regional airway 

anatomy (e.g. influenced by airway obstruction due to either bronchoconstriction, 

inflammation or hypersecretion) (reviewed by Dolovich, 2000). However, the extent and 

location of aerosol deposition can be modelled empirically or based on experimental 

data (reviewed by Swift, 1996). Each model predicts that particle diameter and airway 

diameter have the most potential to influence particle deposition (Simonsson, 1982; 

Finlay, 2001). The best known model, however, is the semi-empirical model proposed 

by the Task group (Task-group on lung dynamics, 1966). This model, based on nasal 

inhalation, relates the deposition in the three areas of the lung, i.e. nasopharyngeal, 

tracheobronchial, and pulmonary region, directly to the aerodynamic diameter (Dae), 

defined as the diameter of a sphere of unit density with the same settling velocity as 

the particle in question. Gonda (1981) converted the deposition in such regions for 

nasal inhalation into corresponding quantities for mouth inhalation. The regional
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deposition of monodisperse aerosols following mouth inhalation is presented in Figure 

1.1.3.

pulmonary
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Figure 1.1.3 Regional deposition o f monodisperse aerosols following mouth inhalation 

(fractional deposition versus aerodynamic diameter; tidal volume: 2.15 dm^)(Gonda, 

1981)

A more advanced deposition model is the National Council on Radiation Protection 

model (Swift, 1996; Hinds, 1998). It allows computation of expected deposition on the 

patient’s age and pulmonary condition and is in this respect an innovation in deposition 

prediction. However, both theoretical calculations and actual measurement have 

indicated that particles > 6 pm deposit in the oropharynx, particles between 2 pm and 6 

pm deposit in the central airways, and particles < 2 pm preferably deposit in the 

peripheral airways. Submicron particles will either be exhaled or trapped in the residual 

air and eventually deposit in the respiratory bronchioles or in the alveolar region 

(Dolovich, 2000). Breath holding for at least 4 seconds, however, allows more time for 

submicron particles to deposit by sedimentation and diffusion (Dolovich et al., 1981; 

Hakkinen et al., 1999). The fraction of the aerosol containing particles < 5-6 pm is 

considered as the respirable fraction (RF) or fine particle fraction (FPF) and has widely 

been used to describe the quality of the aerosol with respect to its efficiency to deposit 

into the lower respiratory tract. However, Newhouse (1998) critically reviewed the 

clinical relevance of the respirable fraction and stated that particle fractions < 3 pm
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represent better the actual deposition in the lower respiratory tract and may be clinically 

more relevant. Nevertheless, for the formulation of aerosols a target size range of 1-5 

pm is generally accepted for optimized lung deposition (Hickey, 1992b).

Since in practice most of the therapeutic aerosols are polydisperse with a log-normal 

distribution, aerosol distributions are characterized by the mass median aerodynamic 

diameter (MMAD) and the geometric standard deviation (GSD). The MMAD is a value 

of Dae that divides the particle distribution in two halves with respect to mass, i.e. 50% 

of the mass lies in particles above and below the MMAD. whereas the GSD is a 

measure of the polydispersity of the aerosol particle population (USP24/NF19, 1999) 

(see also 5.1.1.2). A GSD of 1 refers to perfectly monodisperse systems, in practice 

however, values < 1.22 are considered as monodisperse (Gonda, 1986).

1.1.3 Pulmonary diseases and clinical relevance of pulmonary drug 

targeting

1.1.3.1 Asthma

Asthma is a chronic inflammatory disorder of the lower airways and is characterized by 

reversible airway obstruction and increased responsiveness of the airways to specific 

and nonspecific bronchoconstrictor stimuli leading to episodes of wheezing, 

breathlessness, chest tightness, and coughing, particularly at night or in the early 

morning (Caramori and Adcock, 2003). The airway inflammation is caused by 

inflammatory mediators, i.e. leukotrienes and prostaglandines, which are released by 

degranulation processes of inflammatory cells (e.g. eosinophils, neutrophils, 

macrophages and mast cells) that are infiltrated in the airway wall. These mediators 

possess potent biological action resulting in bronchoconstriction. This includes: airway 

smooth muscle contraction, increased ainA/ay permeability (results in mucosal edema), 

and increased mucus secretion (Mutschler and Schafer-Korting, 1996; Hope et al., 

1999). Asthma therapy is mainly directed towards bronchodilatation and suppression of 

inflammation. According to the British guidelines on asthma management, the 

treatment of asthma generally consists of the combination of short-acting 

bronchodilatory p2-agonists (e.g. salbutamol sulphate, terbutaline sulphate, fenoterol 

hydrobromide) or anticholinergic bronchodilators (e.g. ipratropium bromide) with anti

inflammatory drugs such as corticosteroids (e.g. beclomethasone dipropionate, 

budesonide, fluticasone propionate) or alternatively non-steroidal anti-inflammatory
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drugs such as cromoglycate or nedocromil sodium (British Thoracic Society et a!., 

1997; Caramori and Adcock, 2003). Depending on the severeness of asthma, long- 

acting p2-agonists (e.g. salmeterol xinafoate and formoterol fumerate) may also be 

given. Anti-asthmatic drugs are generally administered via inhalation directly to the site 

of action. This is associated with a number of advantages compared to oral 

administration such as; (1) rapid onset of action, (2) reduced dose required in order to 

produce the same therapeutic effect (also associated with reduced systemic side 

effects), and (3) avoiding first pass effects.

1.1.3.2 Chronic obstructive puimonary disease (COPD)

GOPD is characterized by slowly progressive development of airflow limitation that is 

not fully reversible. COPD encompasses pulmonary emphysema (destruction of the 

lung parenchyma, loss of lung elasticity and closure of small airways), chronic 

obstructive bronchiolitis (inflammation of the central and peripheral airways with 

obstruction of small airways) and mucus plugging (Saetta et al., 2001; Barnes, 2003). 

Most COPD patients exhibit all three pathologic conditions. Chronic bronchitis, in 

contrast, is defined by a productive cough of more than 3 months for more than 2 

successive years; hence it reflects hypersecretion and is not necessarily associated 

with airway obstruction. Tobacco smoking is the single most important cause of COPD 

(Doll et al., 1994). In non-smokers, a deficiency of Oi-antitrypsin, an antiprotease 

enzyme that protects the epithelium from proteolytic enzymes, is associated with 

emphysema but the risk of developing COPD is higher in enzyme-deficient patients 

who smoke (Janus et al., 1985). Environmental factors such as air pollution may also 

contribute to the development of COPD. Stopping smoking is the most important and 

most beneficial factor in the management of COPD (Janus et al., 1985; British Thoracic 

Society, 1997). Drug treatment is based on improving lung function with inhaled 

bronchodilators (anticholinergics, ^2-agonists and theophylline) (Barnes, 2003) of which 

anticholinergics are the most effective class (Gross, 1991). A new long acting 

anticholinergic drug, tiotropium bromide, appears to be the most effective 

bronchodilator in the treatment of COPD (Barnes, 2000). However, a combination of 

short- or long-acting (32-agonists with an anticholinergic drug is usually used as the 

effects are synergistic (British Thoracic Society, 1997). In contrast to asthma treatment, 

there is little evidence that inhaled corticosteroids are beneficial in patients with COPD 

(Barnes, 2003).
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A broad range of p-adrenergic and anticholinergic bronchodilators, corticosteroids, and 

non-steroidal anti-inflammatory drugs for the treatment of asthma and COPD are 

available. Drugs administered as aerosols for treatment of pulmonary conditions other 

than asthma or COPD include antibiotics and mucus active agents. Examples for 

inhaled antibiotics are pentamidine for the treatment of pneumocystis carinii infection 

prophylaxis (Simonds et al., 1990) and ribavirin for the treatment of respiratory 

syncytial virus infection (BNF, 2003). Inhaled tobramycin aerosol demonstrated efficacy 

in cystic fibrosis (Littlewood et al., 1993; Franz et al., 1994; Coate et al., 1997) and 

other antibiotics, i.e. gentamicin, penicillin, amikacin, neomycin and ceftazidime show 

potential for administration by inhalation (Hodson et al., 1981; Littlewood et al., 1993; 

Dequin et al., 1997). The mucus active drug dornase alpha (rhDNase) has been shown 

to be effective in improving sputum characteristics in cystic fibrosis when administered 

as aerosol (Gonda, 1996). Another example is the delivery of surfactants, i.e. 

colfosceril palmitate, via an endotracheal tube to the lung for the treatment of surfactant 

deficiency syndromes such as in respiratory distress syndrome (BNF, 2003). In Table 

1.1.2, examples of locally-acting drugs for the treatment of pulmonary diseases that are 

currently administered by inhalation are listed.
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Condition Drug examples

Asthma I COPD

Cystic fibrosis

Respiratory distress syndrome

Infections of the respiratory tract

BRONCHODILATORS

39-aqonists: 
salbutamol sulphate 
terbutalin sulphate 

fenoterol hydrobromide 
salmeterol xinafoate 
formoterol fumerate

Anticholinergic drugs: 
ipratropium bromide 
oxitropium bromide 
tiotropium bromide

ANTI-INFLAMMATORY DRUGS

Corticosteroids: 
beclomethasone dipropionate 

budesonide 
fluticasone propionate 
mometasone furoate

Non-steroidal: 
cromoglycate sodium 
nedocromil sodium

MUCOLYTIC 
dornase alpha

SURFACTANT 
colfosceril palmitate

ANTIBIOTIC/ANTIVIRAL 
colistin 

pentamidine 
ribavirin 

zanamivir

Table 1.1.2 Existing locally-acting drugs for pulmonary delivery via inhalation

However, inhalation offers not only an opportunity for pulmonary delivery of locally- 

acting drugs, the large absorptive alveolar surface with thin epithelial lining and good 

blood supply makes aerosol delivery to the alveoli an attractive option for the systemic 

delivery of drugs (Patton, 1996; Groneberg et al., 2003). These drugs enter the arterial 

circuit directly avoiding first-pass effects. The lungs are in particular a promising route 

for the delivery of peptidergic drugs or other macromolecules (e.g. oligonucleotides) 

due to their relatively high permeability for macromolecules and relatively low 

peptidase/protease activity (Wall, 1995). Currently, the most investigations in this
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respect involve the systemic delivery of insulin via inhalation (reviewed by Patton et al.,

1999), but a number of other drugs, peptidergic and non-peptidergic, have been 

reported to reach the systemic circulation following aerosol administration (Table 

1.1.3). Large molecular weight drugs such as proteins can be absorbed from the lung 

to the body by two general mechanisms (Patton, 1996): (1) by transcytosis (pass 

through the cells, i.e. type I pneumocyte cells) or (2) paracellular through tight 

junctional processes between two cells. However, for macromolecules > 40 kDa 

transcytosis may be the dominant transport mechanism across the epithelia, for 

macromolecules < 40 kDA paracelluar and transcytotic processes may both be 

involved. The pulmonary bioavailability of macromolecules is controlled by two 

processes (Taylor and Kellaway, 2001): (1) by the diffusion through the mucus barrier 

in the conducting airways and (2) by clearance processes, i.e. mucociliary clearance 

and macrophage phagocytosis. Particles and dissolved drugs entrapped in the mucus 

will be removed from the conducting airways via the larynx to the gut (mucociliary 

escalator) within a few hours. While mucociliary clearance only takes place in the 

conducting airways, macrophages are found in the alveolar region and along larger and 

smaller airways. Macrophage phagocytosis is dependent on particle size. While 

particles of 3 pm are better internalized than particles with 6 pm diameter, particles of

0.26 pm are prevented from macrophage phagocytosis (Groneberg et al., 2003).

Drug class Example

Migraine (a-adrenoreceptor agonist) ergotamine

Protein / Hormone a-antitrypsin® 
insulin‘s 

human growth hormone‘s 
calcitocin^ 

parathyroid hormone® 
cetrorelix^ 
leuprolide^

Steroid / Hormone estradiol^

Analgetic morphine'

Oligonucleotide j

Table 1.1.3 Existing and potential drugs for systemic delivery via the pulmonary route

C(Griese et al., 2001); * (Colthorpe et al., 1992; Ward et al., 1997a; M cElduffet al., 
1998);  ̂(Patton et al., 1989);  ̂(Kobayashi et al., 1996); ® (Codrons et al., 2003);  ̂(Lizio 
et al., 2001);  ̂ (Alcock et al., 2002);  ̂ (Wang et al., 1999); ' (Ward et al., 1997b);  ̂
(reviewed by Wu-Pong and Byron, 1996))
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The deposition site and pattern of inhaled drugs influence the therapeutic effect, thus 

aerosol drug targeting is crucial for optimized pulmonary drug delivery. The alveolar 

space accounts for more than 95% of the lung’s total surface area and 95% of the 

alveolar epithelium is occupied with ultra-thin type I pneumocyte cells. Moreover, the 

alveolar space is directly connected to the systemic circulation via the pulmonary 

circulation. Significantly slower clearance processes (no mucociliary clearance) and the 

lack of a mucus layer through which molecules have to diffuse makes the alveolar 

region the most important area in the respiratory tract for drug absorption into the 

systemic circulation. Thus, inhaled drugs for systemic delivery should target the 

alveolar region. The intended target site for locally-acting asthma drugs, however, 

depends on the location of the disease (e.g. bronchoconstriction and inflammation) and 

the location of adrenergic, cholinergic, and glucocorticoid receptors. The M3 

muscarinergic receptors and the p2-adrenoceceptors are not distributed uniformly 

throughout the respiratory tract and thus the effect of the bronchodilator may be 

affected by where the inhaled drug particles are deposited (Howarth, 2001). 

Autoradiographic studies show that the trachea is more densely populated with MS 

muscarinergic receptors than (32-adrenergic receptors, whereas p2-adrenergic receptors 

are predominately found in the alveolar walls (Barnes et al., 1982; Carstairs et al., 

1985; Mak and Barnes, 1990). However, the distribution patterns of (32-adrenergic and 

MS muscarinergic receptors does not correspond with the distribution of the smooth 

muscle cells in the airways which are absent in the alveoli but present in all other areas 

of the respiratory tract (Figure 1.1.4).
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Figure 1.1.4 The distribution o f airway smooth muscle, M3 muscarinergic receptors, 

and Pz-stdrenoreceptors in the small and large airways (adapted from Howarth, 2001)

Zanen and colleagues (1994; 1996) investigated the effect of particle size of an (32- 

agonist (Salbutamol) and an anticholigergic (Ipratropium bromide) aerosol on the 

bronchodilatory effect in asthma. The data suggested that the most suitable particle 

size for optimum bronchodilation is 2.8 pm. A lower MMAD of (32-adrenergic aerosols 

does not result in higher efficacy even if (32-receptor are predominately present in the 

alveoli. It is therefore suggested that bronchodilatory drugs should primarily target the 

compartments of the lung where smooth muscle cells are present, i.e. in the upper 

airways. In contrast to the bronchoconstriction which mainly occurs in the 

tracheobronchial area, the inflammatory process in asthma is located widespread 

through the large and small airways. Recent evidence indicates that inflammation is 

also present in the alveoli (Kraft et al., 1996) and investigations on the location of 

glucucorticoid receptors show that they are ubiquitous in the airways with the highest 

concentration in the alveoli (Adcock et al., 1996). It is therefore believed that 

administration of inhaled corticosteroids to the alveolar region may be clinically 

advantageous, but to date there is no evidence relating corticosteroid particle size to 

site of action and efficacy. However, Leach and colleagues (1998) compared the 

deposition patterns of BDP aerosols with average particle sizes of 3.5 pm and 1.1 pm.
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respectively. The aerosol containing particles with MMADs of 1.1 pm showed improved 

drug deposition to the lung (55-60% compared to 4-7% with the aerosol containing 

particles with a MMAD of 3.5 pm). Moreover, the clinical effect was increased by a 

factor of two. However, it is not clear whether the increased clinical effect is caused by 

the increased deposition to smaller airways and the alveoli as a result of the smaller 

particle size or by the improved lung deposition in general.

Even if it is agreed that the particle property is the primary determinant for regional 

particle targeting in the lung, other patient-related factors, including breathing pattern, 

pathological conditions in the lung, and device-related factors may also influence 

targeting. In patients with constricted airways, for instance, particles deposit mainly in 

the central airways which does not allow efficient absorption for drug intended for 

systemic delivery. On the other hand, breathing at low flow rates (< 20 L/min), breath 

holding for 4-10 seconds, and increasing the inhaled volume by deep breathing seem 

to enhance particle deposition to the smaller airways and alveoli, especially for 

submicron particles (Dolovich et al., 1981; Hakkinen et al., 1999).

1.1.4 Pulmonary drug delivery devices

In order to deliver drugs to the respiratory tract an aerosol must be generated for 

inhalation. Currently there are three principal techniques to generate therapeutic 

aerosols: Nebulizer, Dry Powder Inhaler (DPI), and pressurized Metered Dose Inhaler 

(pMDI).

1.1.4.1 Nebulizer

Nebulizers are devices for converting liquids into therapeutic aerosols of respirable size 

ranges of 1-5 pm. There are two main mechanisms of converting liquids into respirable 

aerosols (Hess, 2000): (1) pneumatically (air-jet nebulizer) or (2) by ultrasonic energy 

(ultrasonic nebulizer). Pneumatic nebulizers are the oldest form of aerosol generation 

and are primarily used for bronchodilator administration in severe asthma. However, 

there are also newer drugs such as dornase alpha, tobramycin and pentamidine which 

are delivered to the lung using nebulizer.
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The operation principle of air-jet nebulizers is that pressurized gas is forced through a 

narrow nozzle which generates an area of low pressure at the orifice (Venturi or 

Bernoulli effect). This negative pressure is used to draw the bulk liquid drug solution 

into the fast moving airstream. The drug solution is sheared first into a thin sheet of 

liquid which then breaks into polydispersed fast-moving droplets. In all commercially 

available nebulizers the droplet stream is directed to a solid surface or baffle which 

captures larger non-respirable droplets by internal impaction allowing only smaller 

droplets of respirable size to be entrained in the airstream for inhalation by the patient 

(Hickey, 1992b; Hess, 2000). Typically more than 99% of the droplets return to the 

liquid reservoir. A schematic illustration of a typical air-jet nebulizer is presented in 

Figure 1.1.5.
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Figure 1.1.5 Schematic illustration of a typical air-jet nebulizer (adapted from Dalby 

and Suman, 2003)

The size of droplets produced by nebulizers is determined by characteristics of the 

solution (surface tension, density, and viscosity) and the velocity of the gas (Newman, 

1991; Dalby et al., 1996). The most important factors, however, are gas velocity and 

the ratio between the gas flow and the volume of liquid. An increase in gas velocity 

decreases the droplet size, whereas an increase in liquid volume to gas velocity 

increases droplet sizes. Since an increase in gas velocity affects flow rates of gas and
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solution, it is impossible to separately control factors affecting droplet size from 

nebulizers. Drug deposition in the lung after inhalation from a nebulizer have been 

reported with mean percentages varying from 2% (Asmundsson et al., 1973) and 12% 

(Lewis and Fleming, 1985).

Nebulizer solutions (and occasionally suspensions) are mainly water based with added 

excipients. Volumes range from 1-3 ml for most low volume nebulizer solutions and it 

takes approximately 10-15 min to administer a single dose, because most of the drug 

solution is not converted into a respirable aerosol in a single pass through the nozzle. 

Jet nebulizers have two advantages. Firstly, they are easy to use because they are 

able to deliver aerosols over multiple breaths, thus it does not require coordinated 

breathing manoeuvres. Secondly, because of the large volume inhaled over multiple 

breaths, large doses of drug can be administered. Disadvantages in the use of 

nebulizers are the large dead volume (amount of solution that is trapped inside the 

nebulizer and therefore not available for inhalation) and aerosol lost during exhalation 

(Dalby et al., 1996). During exhalation, the exhaled air forces the continuously 

generated aerosol out of the device into the environment. This aerosol is not only 

wasted but also potentially dangerous for the environment. In order to overcome this 

problem, nebulizer designs have become available that decrease the amount of 

aerosol lost during exhalation. These include reservoir bags to collect the aerosol 

during expiratory phase, the use of “vented” nebulizers which increase the nebulizer 

output during inspiration (breath-enhanced nebulizer), and nebulizers that only 

generate aerosols during the inspiration phase (breath-actuated nebulizer). Specially 

constructed small-volume nebulizers should be used when contamination of the 

environment with the aerosolized drug, e.g. pentamidine, should be avoided. These 

nebulizers, e.g. Cadema aero-Tech II and Respirgard II, are fitted with one-way valves 

and filters that prevent contamination of the environment. These devices produce very 

small particles of 1-2 pm, thus enhancing alveolar deposition (Hess, 2000).

Ultrasonic nebulizers use a piezoelectric transducer to produce ultrasonic waves that 

pass through the solution and aerosolize it at the surface. The frequency of the 

ultrasonic waves determines the size of the droplets. The produced droplets are either 

delivered from the chamber to the patient by a fan or by the inspiration flow of the 

patient (Dalby et al., 1996). Particles of 1-6 pm are typically generated from ultrasonic 

nebulizers, however, the emitted droplet size is generally larger with higher GSD than 

for air-jet nebulizers (Hess, 2000), thus ultrasonic nebulizers tend to be less widely
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used although they are, in contrast to the air-jet nebulizers, easily portable. In contrast 

to the jet nebulizer, heat is produced during ultrasonication which eliminates the use of 

ultrasonic nebulizers for the administration of thermolabile drugs to the lung. However, 

ultrasonic nebulization of aqueous Nanocrystal™ beclomethasone dipropionate 

dispersions via a portable Omron MicroAir™ NE-U03 nebulizer showed high respirable 

fractions in vitro ranging from 56 to 72% (Ostrander et al., 1999).

Examples of new liquid (propellant-free) aerosol generation hand-held devices that 

force pressurized liquid through nozzles producing metered doses are the Respimat® 

Soft Mist™ Inhaler (SMI) (Boehringer Ingelheim, Germany) and the AERx™ Pulmonary 

delivery system (Aradigm Corp., Hayward, USA). The Respimat® SMI (reviewed by 

Dalby et al., 2004) functions by forcing a metered dose of drug solution through a 

precisely engineered nozzle (uniblock), producing two fine jets of liquid that converge 

at a precisely set angle. The collision of the two jets generates a slow moving cloud of 

inhalable particles -  the soft mist. Studies on aqueous and ethanolic fenoterol solutions 

delivered from Respimat® SMI showed fine particle fractions (< 5.8 pm) of 66% and 

81%, respectively. Mean lung deposition was found to be 39% to 44%. The AERx™ 

Pulmonary delivery system generates low velocity aerosol clouds containing small 

particles (MMAD: 2.8 pm) by extrusion of a unit dose aqueous solution through a 

disposable nozzle containing an array of precisely micromachined holes (Schuster et 

al., 1997). It has a built-in microprocessor that allows controlled actuation at an optimal 

point during inhalation which further improves efficiency and reproducibility of 

pulmonary delivery. Lung deposition ranges from 50% to 80% of the loaded dose with 

excellent reproducibility (Schuster et al., 1997). AERx™ has been tested with a variety 

of drugs, for both local and systemic delivery, including dornase alpha, insulin and 

morphine (Ward et al., 1997b; Gonda et al., 1998; Farr et al., 2000; Okumu et al., 

2002). Another delivery system acting on a similar principle as the AERx™ is the 

Aerodose® inhaler developed by Aerogen Inc. (Mountain View, USA).

One new development involves the use of electrohydrodynamic sprays (Mystic™ 

Technology, Battelle Pulmonary Therapeutics, Columbus, USA), wherein the 

application of charge to a liquid stream by delivery through an electrically energized 

nozzle results in increased surface area and ultimately in atomization of fine droplets 

generated from solution or suspensions (Placke and Zimlich, 2002). The generation of 

-100% fine particle fraction (< 5.8 pm) with lung deposition of nearly 80% in patients 

has been reported. Moreover, the aerosol particle size can be selectively varied for 

either predominately central or peripheral drug deposition. Thus, the Mystic™
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Technology generating electrohydrodynamic sprays has shown significant potential for 

broad applications in pulmonary drug delivery (Placke and Zimlich, 2002).

1.1.4.2 Dry powder inhaler (DPI)

These inhaler devices deliver drug to the respiratory tract as dry powders. Typically, 

they disperse a metered quantity of powder in an airstream produced by the patients 

inspiration. Hence, commonly available DPI are breath-actuated devices in which the 

energy of powder dispersion and generation of a powder aerosol derives from the 

patients inhalation (Prime et al., 1997). Currently there are two types of DPI devices on 

the market: unit dose systems and multi-dose systems in which the dose is either pre

metered or metered upon actuation from a reservoir (Figure 1.1.6).

Dry Powder Inhalers

single-dose multi-dose

I I I I
drug only drug + carrier metering pre-metered

(e.g. Spinhaler) (e.g. Rotahaler) (reservoir)

I--------------------- '--------------------- 1 I--------------------- '--------------------- 1
drug only drug + carrier drug only drug + carrier

(e.g. Turbohaler) (e.g. Diskus/Accuhaler)

Figure 1.1.6 Types of dry powder inhalers (adapted from Prime et a!., 1997)

The first DPI devices, developed in the 1960s and 1970s, employed the patients 

inspiratory flow to disperse the drug powder from capsule unit doses to deliver it to the 

airways (Spinhaler® (Fisons, UK), Rotahaler® (GlaxoSmithKline, UK)). The Spinhaler® 

was first described by Bell et al. (1971) and was developed for the administration of 

sodium cromoglycate. The device is loaded with a hard gelatine capsule filled with the 

drug powder. Following actuation, where the capsule is pierced, the patient inhales the 

dose which is dispersed from the vibrating capsule by means of the inspired air. Later, 

the Rotahaler® was introduced for the delivery of salbutamol and beclomethasone 

dipropionate (Hetzel and Clark, 1977). Here again, a hard gelatine capsule containing
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the drug plus carrier is inserted into the device which has a blade that cuts the capsule 

in two upon activation. The drug is then emptied by the force of the patients inspiration 

(Taylor and Kellaway, 2001). Since no additional mechanisms are employed to assist 

in the aerosol dispersion, these devices are regarded as passive. In the 1980s and 

1990s passive multi-dose devices were developed which met the need for immediate 

medication if the patient undergoes an asthma attack (Turbohaler® (Astra Zeneca, 

Sweden), Diskhaler®and the Diskus®/Accuhaler® (GlaxoSmithKline, UK)) (Poyer et al., 

1988; Wetterlin, 1988; Brindley et al., 1995). The Turbohaler® is a reservoir-based 

multi-dose powder inhaler device. The drug is contained within a storage reservoir and 

can be released into the dosing chamber by a simple back and forth twisting on the 

base of the device. The Diskhaler®, in constrast, is a multi-dose device containing a 

disk with 4 to 8 pre-metered doses in separate aluminium blister reservoirs, thus 

ensuring the integrity of the powder against moisture (Prime et al., 1997). Upon 

activation, the blister is pierced and the powder drops into the dosing chamber. The 

Diskus® inhaler (Accuhaler®) is a further development of the Diskhaler® containing 60 

pre-metered doses in a coiled strip. Table 1.1.4 lists dry powder devices that are 

currently available in the UK and Europe (Smith and Parry-Billings, 2003).
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Device Company / Licensee Drugs available Type

Aerohaler^ Boehringer-lngelheim
(Germany)

Ipratropium bromide Single-dose
capsule

Aerollzer® Novartis (Switzerland) Eformoterol Single-dose
capsule

Clickhaler® Innovata Biomed/ML 
Laboratories (UK) Celltech

Salbultamol 
Beclomethasone dp

Multi-dose
reservoir

Cyclohaler® Pharmachemie (NDL) Salbutamol 
Beclomethasone dp 
Budesonide 
Ipratropium bromide

Single-dose
capsule

Diskhaler® GlaxoSmithKline (UK) Salbutamol 
Salmeterol 
Fluticasone 
Beclomethasone dp

Multi-dose 
blister disk

Dlskus®/Accuhaler® GlaxoSmithKline (UK) Salbutamol
Salmeterol
Fluticasone
Salmeterol + Fluticasone

Multi-dose 
blister strip

Easyhaler® Orion Pharma (Finland) Salbutamol 
Beclomethasone dp

Muli-dose
reservoir

Pulvinal® Chiesi (Itlay) Trinity Salbutamol 
Beclomethasone dp

Multi-dose
reservoir

Rotahaler® GlaxoSmithKline (UK) Salbutamol 
Beclomethasone dp 
Salbutamol + 
Beclomethasone dp

Single-dose
capsule

Spinhaler® Aventis (France) Sodium cromoclygate Single-dose
capsule

Turbohaler® AstraZeneca (Schweden) Salbutamol
Terbutaline
Eformoterol
Budesonide
Eformoterol + Budesonide

Multi-dose
reservoir

Table 1.1.4 Dry powder devices currently available (UK/EU) for asthma therapeutics 

(adapted from Smith and Parry-Billings, 2003) (dp=dipropionate)

In order to ensure effective drug delivery to the lung, the turbulent airstream created in 

a DPI during inhalation must be sufficient to disperse/deaggregate the powder thereby 

producing particles in the respirable size range (< 5-6 pm). This involves a balance
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between the DPI device design, the drug formulation, and the patients inspiration flow. 

A DPI device with an ideal flow path design would allow efficient and consistent 

emptying of the device across a wide range of inspiration flow rates. The Diskus® 

device, for instance, has an extremely short flow path in which the powder passes 

through a “crucifix” grid to generate the necessary turbulence (Prime et al., 1997). As a 

result approximately 90% of the metered dose is delivered at flow rates from 30 to 90 

L/min in contrast to 50% to 70% delivered from the Turbohaler® which consists of a 

long flow path with integrated spiral channels to maximize turbulence (Wetterlin, 1988; 

Malton et al., 1995). At inspiration flow rates of 60 L/min, 50% of the emitted dose 

generated from the Turbohaler® is in the respirable size range, whereas at lower flow 

rates the percentage is considerably reduced (Meakin et al., 1995). One further 

disadvantage of long flow paths is the risk of increasing the device resistance resulting 

in decreased airflow through the device at a given patients inspiration flow rate. 

Everard et al. (1997) showed that flow rates and flow acceleration has a significant 

influence on the particle size distribution of aerosols emitted from a Turbohaler®. A 

maximum flow early in the inspiration manoeuvre (> 30 L/min before 150 ml had 

passed through the device) is necessary to generate particles of respirable size 

ranges. The influence of airflow on particle deaggregation is reviewed by Li and 

Edwards (1997).

One of the key factors involved in optimizing DPI performance is the manufacturing of 

dry powder formulations in the respirable size range with desirable flow and dispersion 

characteristics. Flow and dispersion characteristics of a powder are critically dependent 

on the cohesive and adhesive forces influenced by particle characteristics such as size, 

shape, rugosity, crystalline form, and moisture content (Hickey et al., 1990). 

Conventionally, powders for inhalation have been produced by crystallization followed 

by milling in order to micronize the particles to the respirable size. This process, 

however, produces partially amorphous microparticles which are highly charged and 

cohesive, therefore possessing poor flowability and dispersion properties. To overcome 

this problem two approaches have been employed to produce less cohesive coarse 

powders with improved flow and dispersion properties: (1) the controlled formation of 

loose agglomerates of the “undiluted” micronized drug (e.g. Turbohaler®) or (2) mixing 

the micronized drug with a carrier of much larger size, typically a-lactose monohydrate 

of 63 pm to 90 pm size, to form a binary blend (e.g. Rotahaler®). The drug becomes 

loosely associated with the lactose surface. When an airstream is forced through the 

powder bed in the device the drug detaches from the carrier and is then carried on the 

airstream to the airways. Carrier particles that escape the device will deposit in the
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oropharynx (Taylor and Kellaway, 2001). Many studies have examined the properties 

of lactose particles and their interaction with the drug for optimizing DPI performance,

i.e. increasing respirable fractions. Factors such as increased surface smoothness 

(Ganderton, 1992), particle size (French et al., 1996; Steckel and Müller, 1997), 

morphology (elongated particles) (Zeng et al., 2000), and the addition of fine particle 

lactose (Zeng et al., 1998) have been reported to increase respirable fractions. More 

recently, it could be shown, that the addition of an hydrophobic excipient such as 

magnesium stearate, leucin, lecithin or stearic acid to the binary blend, occupying first 

the high energetic sites of lactose, also improves powder performance (Fults et al., 

1997; Lucas et al., 1999; Musa et al., 2000; Staniforth, 2000; Staniforth et al., 2002). In 

addition, these powders have shown to provide moisture resistance and storage 

stability at 75% rH and 40“C (Chan and Chew, 2003). However, conventional methods 

of powder production have been further advanced by new techniques producing fine 

particles with desirable flow and dispersion characteristics. This involves for example 

spray drying, spray freeze drying, sono-crystallization, wet milling techniques and 

supercritical fluid technology (reviewed by Chan and Chew, 2003). Spray drying, a 

process in which a drug solution is atomized to fine droplets which are then evaporated 

in a warm airstream to form dry particles, has been investigated for the dry powder 

aerosol formulation of anti-asthmatic drugs including salbutamol sulphate, terbutaline 

sulphate and sodium cromoglycate (Vidgren et al., 1987; Chawla et al., 1994). Spray 

dried powders, however, tend to be more amorphous. This is a significant drawback as 

in high humidity amorphous material will recrystal I ize forming solid bridges between 

particles (Chan and Chew, 2003). A post-production treatment inducing controlled 

crystallization is therefore necessary to increase powder stability. A more recent 

technique is the supercritical fluid (liquids and gases, e.g. carbon dioxide, at 

temperatures and pressures above their critical points) process (Nektar, Bradford, UK) 

based on the principle of solution enhanced dispersion by supercritical fluids (SEDS) 

(York, 1999; Shekunov et al., 2003; Schiavone et al., 2004; Rehman et al., 2004). This 

technique involves the rapid dispersion and mixing of a drug solution with supercritical 

fluid and the subsequent extraction of the solvent into the supercritical fluid resulting in 

drug precipitation. Drug powders produced by employing this technique could show 

enhanced flow and dispersion properties due to their increased surface smoothness 

and reduced surface energy, which minimizes irreversible drug-carrier and drug-drug 

interactions. Investigations of supercritical fluid engineered anti-asthmatic drugs (i.e. 

albuterol sulphate, terbutaline sulphate and budesonide) on the performance in DPIs 

showed improved fine particle fractions and content uniformity, higher emitted doses
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with less variability compared to conventionally micronized powders (Shekunov et al., 

2003; Schiavone et al., 2004; Rehman et al., 2004). Other particle engineering 

techniques involving supercritical fluids are the gas antisolvent (GAS) recrystallization 

technique and the rapid expansion of supercritical solution (RESS) technique. GAS 

relies on the capacity of a supercritical fluid to act as an antisolvent and to cause 

precipitation within a liquid solution. RESS is a technique where the drug is dissolved in 

the supercritical fluid and particles are formed as a result of rapid expansion of the 

supercritical fluid (Malcolmson and Embleton, 1998; York, 1999). However, aerosol 

performance of dry powers could also be improved with the introduction of large porous 

particles (e.g. AIR™, mean diameter 5-20 pm, specific surface area -  50-100 m^/g, 

density < 0.4 g/ml) Alkermes, USA) (Edwards et al., 1997; Vanbever et al., 1999; 

Dunbar et al., 2002). Due to their low density, aerodynamic particle sizes in the 

respirable size range are generated (3-5 pm) which showed in vivo lung deposition of 

40 to 60% (Dunbar et al., 2002). Another example of porous particles but smaller in 

size (3-5 pm) are the Pulmospheres™ (Nektar Therapeutics, San Carlos, USA). These 

particles have been used to deliver immunglobulin to the respiratory tract (Bot et al.,

2000).

However, the existing marketed dry powder inhalers rely strongly on the patient’s 

inspiratory effort to generate an efficient flow rate for sufficient powder dispersion. This 

can be problematic for patients with obstructed airways. To overcome this drawback, 

new power-assisted dry powder inhalers have been developed which require less or no 

inspiratory effort by the patient to generate powder aerosols (e.g. Spiros® (Dura, San 

Diego, USA) and the Nektar Pulmonary Inhaler® (Nektar, San Francisco, USA)). The 

Spiros device incorporates a battery-powered motor to generate the powder aerosol. 

The motor is activated by the patients breathing at a rate as low as 5 L/min (Hill, 1994; 

Han et al., 2002). The Nektar Pulmonary Inhaler® is primarily designed to generate 

aerosols for macromolecular drugs such as insulin with small particle sizes completely 

independent of patient’s inspiratory flow. The inhaler is powered by a stored bolus of 

compressed air which shoots the powder into a chamber producing a standing particle 

cloud which is then inhaled through a deep slow breath (Skyler et al., 2001).
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1.1.4.3 Pressurized Metered Dose Inhaler (pMDI)

pMDIs are compact drug delivery systems that use liquefied propellant to atomize a 

precisely metered volume of a drug formulation (solution or suspension) into respirable 

drug particles. The first pMDI system was introduced 1956 by 3M Riker (Medihaler-

Epi™ and M e d i h a l e r - l s o T o d a y  pMDIs are the most widely used pulmonary drug 

delivery devices with an estimated 800 million units produced in 2000 (Ross and 

Gabrio, 1999).

.TM

1.1.4.3.1 pMDI device and generation of an aerosol cloud

A pMDI consists of a canister that contains the drug in suspension or solution 

formulated with propellant and excipients, i.e. surfactant and/or cosolvent, a metering 

valve that is crimped onto the container, an actuator that connects the metering valve 

to the atomization nozzle with a defined orifice diameter, and a mouthpiece (Figure 

1.1.7 and Figure 1.1.8).

Aerosol can

Valve stern

Atomising
nozzle

Headspace  

Inhaled air entry 
Drug suspension

Spacer rib

Crim p  

Gasket 

M etering valve

Actuator Droplets 
body generated by 

flash breakup

Spray cone

M outhpiece

Figure 1.1.7 Basic components of a pMDI system (adapted from Smith, 1995)
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Figure 1.1.8 Basic components of a metering valve (adapted from Dalby et a!., 1996)

The pMDI formulation is kept under constant pressure. The vapour pressure 

determines the rate and speed of propellant evaporation. When the valve is opened, a 

metered volume of the formulation is released under the pressure gradient between the 

canister and the environment. Formulations with high vapour pressure will exit the 

atomization nozzle at high speeds and will have rapid propellant evaporation. The high 

speed release from the orifice is followed by a shear-thinning process, where liquid 

sheets or large droplets are broken into smaller droplets as they interact with the 

stagnant air (Hickey and Evans, 1996; Clark, 1996). The droplets emitted change 

rapidly in terms of size and velocity. The aerosol droplets close to the orifice have high 

velocity but are decelerated by air resistance (Wiener, 1958). During this deceleration 

phase the propellant droplets undergo further evaporation and the surrounding air 

continues to supply the heat needed for evaporation until the droplets reach their 

residual diameter. The interaction of the emitted aerosol cloud with the geometry of the 

mouth and the airways determines the extent of oral and lung deposition, whereby 

aerodynamic particle size and velocity are crucial parameters (see 1.1.2). Large rapid 

moving particles are very susceptible to deposition in the oropharyngeal region by 

inertial impaction.

Much work has been done to investigate effects of formulation variables and device 

design, such as particle size, drug concentration, surfactant concentration, spray orifice

43



diameter, metering volume and propellant vapour pressure on aerosol deposition in the 

lung. Increasing the drug concentration in aerosol formulations is found to increase 

aerodynamic sizes and to decrease respirable fractions (Polli et al., 1969; Gonda, 

1985; Hickey et al., 1988; Steckel and Müller, 1998). The effect of surfactants was 

investigated by Moren (1982) and Hickey et al. (1988). Both suggested enhanced 

particle aggregation in the presence of surfactant due to cohesive forces of the 

surfactant layer, which are dependent on the surfactant to drug ratio. As the propellant 

evaporates, a number of particles are kept together by the surfactant. Furthermore, the 

presence of surfactant at the droplet-air interface is known to moderate the evaporation 

rate (Dalby and Byron, 1988) and it may be retarded increasingly by higher surfactant 

concentrations (Hickey et al., 1988). Propellant evaporation plays an important role in 

drug deposition in the lung as it is the driving force for the generation of aerosol 

particles. Droplet velocity and size are crucially dependent upon the propellant 

evaporation, hence upon the propellant vapour pressure. An increase in vapour 

pressure results in higher initial velocity, but also in smaller droplets and more rapid 

propellant evaporation. The drug deposition by impaction is increased by raising the 

droplet velocity but decreased by smaller droplet sizes (Lippmann and Albert, 1969). 

Moren (1978) shows that actuator deposition is increased in higher vapour pressure 

formulations, but they usually have increased respirable fractions because of increased 

evaporation rates and therefore smaller droplet size distributions in the spray. The 

important effect of vapour pressure on decreasing aerodynamic particle sizes and 

improving drug deposition in the lung has been stressed by several researchers (Polli 

et al., 1969; Moren, 1978; Newman et al., 1982; Moren, 1982; Dalby and Byron, 1988; 

Harnor et al., 1993; Williams III et al., 1998; Brambilla et al., 1999). Non-volatile 

components such as surfactant and drug concentration as well as low-volatile 

cosolvents, i.e. ethanol, have shown to decrease the vapour pressure in the aerosol 

formulation and therefore have a crucial effect on the drug deposition pattern of the 

aerosol (Dalby and Byron, 1988; Steckel and Müller, 1998; Brambilla et al., 1999). In 

effect, it was observed that high pressure suspensions with low non-volatile ingredient 

(drug, surfactant and cosolvent) concentrations produce smaller and more respirable 

aerosols. Furthermore, the device design such as orifice diameter and metering volume 

has a significant influence on the aerodynamic particle size and drug deposition 

pattern. In vitro and in vivo experiments show that minimizing the metered volume 

(typically 25-100 pi) and orifice diameter (0.25-0.7 mm) generates smaller and more 

respirable aerosol clouds (Polli et al., 1969; Newman et al., 1982; Moren, 1982; Steckel 

and Müller, 1998; Williams III and Liu, 1998b; Brambilla et al., 1999). However, there
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are limitations in minimizing the metering volume since a certain dose has to be 

delivered in order to achieve the desired therapeutic effect. Furthermore, the use of 

suspension aerosols restricts the choice of small orifice diameters due to the likelihood 

of orifice blockage.

Depending on the drug solubility in the propellant, pMDIs can either be formulated as 

solution or suspension of the active drug in propellant. Suspension pMDIs usually 

deliver higher doses per actuation than solution phase pMDIs and have the advantage 

of chemical stability. However, the performance of suspension pMDIs may be 

influenced by physical instability, i.e. particle growth and/or particle aggregation. 

Particle growth may be a result of partial drug dissolution with subsequent Ostwald 

ripening (Mullin, 1993) (see in detail chapter 5). Phillips and Byron (1994) showed that 

the use of partially amorphous micronized drug and the addition of surfactant enhances 

drug dissolution, thus inducing crystal growth processes. Furthermore, the addition of 

co-solvents such as ethanol may also lead to partial drug dissolution and physical 

instability (Tzou et al., 1997). Particle aggregation with subsequent sedimentation or 

creaming as a result of density differences between the dispersed phase and the 

propellants manifests in poor dose reproducibility and decreased fine particle fractions. 

Williams et al. (1998) showed that dose uniformity can be improved by using a 

propellant blend which matches the density of the suspended particle. However, in 

order to obtain stable suspension formulations the addition of excipients such as 

surfactants is generally required (see in detail chapter 2). Suspension pMDIs typically 

only deliver 10% of the emitted dose to the lung (Newman et al., 1981; Moren, 1982), 

while the major fraction of the emitted dose deposits in the upper respiratory tract 

(oropharynx) causing local side effects such as candidiasis in the case of 

corticosteroids and systemic side effects by the swallowed fraction. Solution phase 

pMDIs, on the other hand, have the advantage of improved dose uniformity compared 

to suspension pMDIs. Solution formulations allow the use of smaller orifice diameters 

without the risk of orifice blockage resulting in smaller MMADs and greater lung 

deposition of more than 40% (Dalby and Byron, 1988; Ashworth et al., 1991; Harnor et 

al., 1993; Warren and Farr, 1995). Drug solubility in propellants can either be improved 

by addition of co-solvents such as ethanol or as shown in CFCs by drug solubilization 

in reverse micelles (Evans et al., 1991; Warren and Farr, 1995). However, poorer 

chemical stability of drugs formulated in solutions limits the use of solution phase 

pMDIs (Soine et al., 1992; Blondino and Byron, 1996).
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1.1.4.3.2 Transition from chlorofluorocarbon (CFC) to hydrofluoroalkane (HFA) 

propellants

Until 1995 all marketed pMDIs used CFC propellants as energy source for atomization. 

As a result of its low toxicity and chemical stability, CFC propellants have more 

extensively been used for industrial applications, such as for example refrigeration, air 

conditioning, and manufacturing of foams. However, since the mid 1970s scientific data 

implicated CFCs as the cause for the substantial ozone layer thinning in particular in 

the Antarctic region (Cicerone et al., 1974; Molina and Rowland, 1974; Farman et al.,

1985). It is assumed that ozone depletion is caused by an unbalancing of the 

stratospheric ozone formation and depletion equilibrium. The proposed mechanism of 

ozone formation and depleting is illustrated in Figure 1.1.9. CFC emissions pass to the 

stratosphere where they are degraded by ultra-violet radiation releasing highly reactive 

chlorine radicals. Without the need of ultra-violet radiation, chlorine radicals catalyse 

the breakdown of ozone to molecular oxygen without the generation of oxygen radicals, 

thus the equilibrium between ozone formation and depletion is interrupted (McDonald 

and Martin, 2000) (Figure 1.1.10).

h v (U V  B radiation)

O2  ► 2 O '

02 + O" -----------------------► O3

h v (U V  B radiation)

03  ► O2 + O '

O3 + O '  ► 2 O2

Figure 1.1.9 Proposed oxygen/ozone equilibrium (Noakes, 1995)

O3 + C l' -----------------------► C IO ' + O2

C IO ' + O3 -----------------------► 2 O2 + C l'

C l' + C l' -----------------------► CI2

Figure 1.1.10 Proposed disruption o f the oxygen/ozone equilibrium by chlorine 

radicals (Noakes, 1995)
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The consequences of ozone depletion for humans manifests in increased risk of skin 

cancer, eye damage and premature ageing of skin. The Montreal Protocol, drafted in 

1987 and ratified by 29 countries by 1989 and more since then, brought a phase out for 

the production and use of CFC propellants by 1996. Because of the life-saving 

medication for asthmatics, pMDIs were exempted from the CFC phase-out until 

acceptable alternatives to CFC pMDIs were available. The “essential use” status for 

pMDIs is considered every two years and requests for CFC for the use in pMDIs are 

reviewed every year (McDonald and Martin, 2000). The signing of the Montreal 

Protocol led to a number of investments in the development of alternative inhalation 

devices, such as multi-dose DPI and pocket-size nebulizers (see 1.1.4.1 and 1.1.4.2), 

and alternative propellants that comply with the requirement of environmental 

suitability, toxicity, flammability, chemical and physical stability (Whitham and Eagle, 

1994). Non-ozone depleting hydrofluoroalkane propellants, specifically 

tetrafluoroethane (HFA-134a) and heptafluoropropane (HFA-227ea), are now replacing 

the CFC propellants. In Europe, the Commitee for Proprietary Medicinal Products 

endorsed the suitability of HFA-134a and HFA-227ea as propellants for administration 

into the lungs in its statement of 1994 and 1995, respectively. HFA and CFC 

propellants possess quite different physical and chemical properties, i.e. higher polarity 

and vapour pressure (in particular HFA-134a). The chemical structures and physical 

properties of the most widely used CFCs, i.e. CFC-11, CFC-12, CFC-114, HFA-134a 

and HFA-227ea are presented in Figure 1.1.11 and Table 1.1.5, respectively.

Cl

ci F Cl

Cl 

CFC 11

Cl 
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H

H
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H F F F F

HFA 134a HFA227ea

Figure 1.1.11 Chemical structure o f common CFC and HFA propellants
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Compound Vapour
pressure

(bar at 
21°C)

Boiling
point

(C°)

Heat of 
vaporation 
at boiling 

point 
(kcal/mol)

Dipole
moment

D

(debye)

Dielectric
constant

£

Polarizability
10

cmVmolecule
(vapour)

CFC-11 0.91 23.8 5.99 0.46 2.3 9.5

CFC-12 5.77 -298 4.78 0.51 2.13 7.9

CFC-114 1.88 3.6 5.62 0.5 2.26 8.5

HFA-134a 5.83 -25.8 5.28 2.06 9.51 5.4

HFA-227ea 4.06 -17.3 3.2 0.93 4.07

Table 1.1.5 Physical properties o f CFC and HFA propellants (adapted from Sirand et 

al., 1992; Byron et al., 1994 and references therein)

Combinations of CFC-11, CFC-12 and CFC-114 have typically been used to achieve a 

desirable combination of vapour pressure, density and solvency for optimized lung 

deposition, suspension stability and drug/surfactant solubility (Byron, 1990). Vapour 

pressures and densities of commonly used CFC blends are compared to those of HFA- 

134a and HFA-227ea in Table 1.1.6.

HFA-134a HFA-227ea CFC-11/12 CFC-12/114 CFC-11/12/114
_____________________________________50:50 40:60_______25:50:25
Vapour 5.72 3.90 3.42 3.68 3.71
pressure
(bar at 20*’C)

Density 1.23 1.41 1.42 1.41 1.41
(kg/l at 20°C)

Source: Solvay Fluor und Derivate GmbH, Solkane 227 pharma and Solkane 134a pharma, Technical 
Brochure, Hannover Germay

Table 1.1.6 Vapour pressure and density o f HFA propellants and commonly used CFC 

propellant blends
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Since the vapour pressures of HFA-134a and HFA-227ea do not differ to such an 

extent as in CFC propellants, it is not possible to obtain HFA blends with significantly 

different vapour pressures when mixing HFA-134a and HFA-227ea. Thus, vapour 

pressures in HFA pMDIs are likely to be higher than in CFC pMDIs, especially if HFA- 

134a is used. This in turn, may have an impact on the aerosol deposition in the lung. 

High vapour pressure results in smaller particles due to fast propellant evaporation but 

the resulting higher particle velocity may increase the impaction in the oropharyngeal 

region (see 1.1.4.3.1). Furthermore, the higher boiling points of HFAs have an impact 

on the filling method (Smith, 1995). There are essentially two methods of propellant 

filling (Sirand et al., 1992): (1) the cold filling method and (2) the pressure filling 

method. Cold filling requires the cooling of the propellant to very low temperatures 

(approximately 20°C below its boiling point). The propellant or propellant drug mixture 

is filled into the open container and subsequently the metering valve is crimped onto 

the container. Problems associated with the cold filling methods are the probable loss 

of propellant due to evaporation during filling and the absorption of moisture into the 

pMDI. With the pressure filling method, the metering valve is first crimped onto the 

canister, the propellant or propellant/drug mixture is then filled through the metering 

valve into the canister. However, for CFC pMDIs it was possible to prepare a pre

formulation with CFC-11 at low room temperatures in an open canister before adding 

the other propellants under pressure through the metering valve or via cold filling. 

Since both HFA propellants have low boiling points, pMDI filling must be performed 

preferably under high pressure.

Figure 1.1.11 shows the chemical structure of common CFCs, HFA-134 and HFA- 

227ea. While CFCs are completely halogenated, the HFAs have one (HFA-227ea) or 

two (HFA-134a) hydrogen atoms in their structure. The strong electronegative fluorine 

atoms create a dipole on the carbon-hydrogen bonds in both propellants, reflected in 

high dipole moments and dielectric constants (see in more detail chapter 2) (Table 

1.1.5) (Byron et al., 1994). This results in higher polarity of HFA propellants compared 

to CFC propellants, which has a major impact on solvency properties. This difference 

between CFCs and HFAs is one of the major reasons that extensive work in the 

reformulation of existing CFC pMDIs is required. Due to the higher polarity, the low 

HLB surfactants commonly used in CFC pMDIs, i.e. Span 85, oleic acid and lecithin, 

are practically insoluble in HFA-134a and HFA-227ea (Blondino and Byron, 1998). 

Surfactants, however, play a major role in the formulation and performance of pMDIs 

as they lubricate the valve, increase drug solubility in solution phase pMDIs, prevent

49



particle aggregation and caking and minimize particle adhesion to container and valve 

components in suspension phase pMDIs (see in detail chapter 2). Thus, one challenge 

with the transition to HFA propellants is to find HFA soluble surfactants that are non 

toxic to the lung. The different solvency properties may also affect drug solubility. 

Partial drug dissolution of suspended drug, for instance, may result in crystal growth 

and poor physical stability, and hence unacceptable pMDI performance (see in detail 

chapter 5). Drugs which were commonly suspended in CFG propellants may not be 

suitable for the suspension in HFAs (McDonald and Martin, 2000). One example is 

salbutamol base which was suspended in CFG pMDIs but was shown to be physically 

unstable in HFA systems, thus salbutamol is now incorporated in suspension as the 

sulphate in HFA-based pMDIs (Airomir™ and Ventolin Evohaler™) (Tzou et al., 1997). 

Kauri-butanol values and Hildebrand parameter have been shown to be non-predictive 

of solvency differences between GFGs and HFAs (Vervaet and Byron, 1999). 

Furthermore, comparing Fedors solubility parameter and a computed log octanol water 

partition coefficient (GLOP) with solubility in HFAs could not show any apparent 

correlation (Dickinson et al., 2000), thus the prediction of drug solubility in HFAs is 

limited using common methods.

Moreover, solvency properties of the propellant affect the degree of extractables 

released from valve elastomers and also affect the degree of elastomer swelling or 

shrinkage. It therefore influences the metering valve performance which is of critical 

importance in terms of releasing reproducible dosing (dose uniformity) and preventing 

water transmission into the canister and the release of volatile contents off the canister 

(Tiwari et al., 1998). HFA propellants have a higher water solubility than GFGs (at 25°G 

GFG-11/12 blend: 100 ppm; HFA-227ea: 610 ppm; HFA-134a: 2220 ppm (Vervaet and 

Byron, 1999 and references therein). Williams and Tcherevatchenkoff (1997) showed 

an increased water transmission into HFAs through metering valves developed for GFG 

pMDIs. In addition. Smith (1995) performed tests on dose reproducibility of GFG 

metering valves when in contact with HFA propellant. Elastomeric components used for 

GFG metering valves showed poor valve performance and dose reproducibility when in 

contact with HFAs. Hence, new elastomeric systems have been designed specifically 

for the use with HFA propellants, which provide excellent metering valve performance.

One task in the transition from GFG to HFA propellants is to show equivalence between 

GFG systems and their HFA replacements. GFG-free formulations of salbutamol, 

beclomethasone dipropionate and fluticasone propionate have been released in pMDI 

form. For salbutamol and fluticasone, HFA replacements have been formulated with
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equivalent particle size and drug output to their precursors (Tansey, 1997; Barry and 

O'Callaghan, 1997; Cripps et al., 2000). In the case of BDP, however, the CFC-free 

replacement pMDI produced by 3M (Qvar™, 3M Healthcare, Loughborough, UK) 

differs significantly from the original pMDI, producing a finer aerosol cloud which has 

increased drug deposition in healthy volunteers and asthmatics (Leach et al., 1998; 

Leach, 1998). This product is produced as a solution phase pMDI rather than as a 

suspension like the existing CPC containing pMDI (Becotide™, Allen & Hanburys, 

Middlesex, UK). Suspension CPC pMDIs typically deposit only around 10% of the 

emitted dose in the lung and the remainder in the oropharynx. However, Leach and 

colleagues (1998) compared the deposition patterns of the suspension CPC and 

solution HPA aerosols of BDP with average particle sizes of 3.5 pm and 1.1 pm, 

respectively. In healthy and asthmatic volunteers, 90-94% of the drug emitted from the 

CPC-formulation was deposited in the oropharynx and only 4-7% in the lung, whereas 

for the HPA solution aerosol only 30% was deposited in the oropharynx and 55-60% in 

the lung. Large oropharyngeal deposition results in local and systemic side effects and 

bioavailability mainly derives from the swallowed fraction. Clinical efficacy studies have 

confirmed that the solution HPA formulation has similar efficacy to approximately twice 

the dose of the suspension CPC formulation (Gross et al., 1996). However, systemic 

side effect profiles have shown similar side effects for equivalent doses of both 

formulations (Kunkel et al., 1996). In Table 1.1.7 HPA containing pMDIs approved for 

marketing in the UK are listed.
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Product Drug Excipient

Airomir"^ (and Autohaler) 
(3M Healthcare)

salbutamol sulphate 
(120 pg)

HFA-134a, oleic acid, 
ethanol

Qvar™ (and Autohaler) 
(3M Healthcare)

beclomethasone dipropionate 
(50 pg, lOOpg)

HFA-134a, ethanol

Salamol™ (and Easi-Breathe) 
(Ivax Pharmaceuticals)

salbutamol sulphate 
(100 pg)

HFA-134a, ethanol

Ventolin Evohaler™ 
(Allen & Hanburys)

salbutamol sulphate 
(120 pg)

H FA-134a

Flixotide Evohaler™ 
(Allen & Hanburys)

fluticasone propionate 
(50 pg, 125 pg, 250 pg)

H FA-134a

Seretide Evohaler™ 
(Allen & Hanburys)

salmeterol xinafoate, fluticasone 
propionate 

(25/50 pg, 25/125 pg, 25/250 pg)

HFA-134a

Table 1.1.7 HFA containing pMDIs marketed in the UK (McDonald and Martin, 2000; 

BNF, 2003)

1.1.4.3.3 Improving pMDI performance

pMDIs are quick to use, portable and relatively inexpensive pulmonary delivery 

systems. However, in order to obtain correct drug delivery and deposition, very good 

coordination between device actuation and inhalation is required. Studies have shown 

that many patients are unable to use pMDIs accurately (Crompton, 1982), e.g. patients 

breathe before/after actuation, patients breathe out during delivery or the inhalation is 

interrupted due to the “cold freon effect” (early breath cut off caused by a cold 

sensation provoked by GFGs in the pharynx). Thus, incorrect pMDI use may lead to 

virtually no drug delivery to the lung. As already mentioned, another drawback of 

pulmonary drug delivery via pMDIs is the high oropharyngeal deposition causing local 

and systemic side effects (Newman, 1993; Clark, 1995). A reduction of the undesired 

oropharyngeal deposition and the cold freon effect can be achieved by attaching 

spacer devices to the pMDI device. Spacer devices increase the distance between the 

spray orifice and the oropharynx allowing the aerosol cloud longer time for propellant 

evaporation and to decelerate before reaching the throat (Dalby et al., 1996). Hence, 

spacer devices reduce particle velocity and size resulting in a slow moving aerosol 

cloud of particles in the respirable size range. Large non-breathable particles which 

would otherwise deposit in the oropharynx are retained in the spacer. Moreover, the
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perfect coordination between breathe and actuation becomes less important. Large 

volume diamond shaped valved spacers, e.g. Nebuhaler™ (700 ml, Astra Draco, 

Sweden) or Volumatic™ (750 ml, Allen and Hanburys, UK) have shown to increase the 

fine particle fraction in vitro and to reduce oropharyngeal deposition and systemic side 

effects (Selroos and Halme, 1991; Barry and O'Callaghan, 1996). Small volume 

spacers, e.g. Aerochamber™ (145 ml, Monaghan, USA) or Breath-a-Tech™ (200 ml, 

Scot Dibben), however, showed reduced oropharyngeal deposition but failed to 

increase the fine particle fraction and to improve lung deposition (Barry and 

O'Callaghan, 1996; Chew and Chan, 2000; Barry and O'Callaghan, 2003). Another 

attempt to overcome the dyscoordination problem is the development of breath- 

actuated pMDIs. Examples are the Autohaler™ (3M, St Paul, USA) and the Easi- 

Breathe™ (Ivax Pharmaceuticals, London, UK) which are activated at a patient 

inspiratory flow rate of 30 L/min and 20 L/min, respectively. While these devices are 

helpful to overcome the coordination problem of breathing and actuation (especially for 

children and elderly patients), they fail to improve drug targeting to the lower respiratory 

tract compared to correctly used pMDI alone (Terzano, 2001).

However, improving pMDI performance not only includes aspects of device design but 

also formulation aspects. Hollow porous particles (Pulmospheres™) (see 1.1.4.2) of 

anti-asthmatic drugs, i.e. cromoglycate sodium, albuterol sulphate and formoterol 

fumerate, dispersed in pressurized metered dose inhalers showed good physical 

stability, high dose uniformity and fine particle fractions of about 70% could be obtained 

in vitro (Dellamary et al., 2000). Compared to Ventolin™ Evohaler, in vivo lung 

deposition could be increased from 14% to 28% and oropharyngeal deposition reduced 

from 72% to 42% (Hirst et al., 2002). One of the major formulation factors, however, 

influencing drug deposition in the lung is particle size. In general, aerosols generating 

smaller particles are less susceptible to oropharyngeal deposition resulting in improved 

drug deposition into central and peripheral airways. Radiolabelled aerosols with 

aerodynamic diameters less than 100 nm, for example, are routinely used for lung 

ventilation scanning due to high penetration and deposition of the aerosol (Burch et al.,

1986). One approach to generate smaller particles is the formulation of solution phase 

pMDIs with actuators consisting of small orifice diameters (e.g. 0.25 mm). Dalby and 

Byron (1988) compared particle size distributions from pMDIs formulated as solutions 

and suspensions in CFG and showed that aerodynamic particle sizes < 2 pm could be 

generated from solution phase pMDIs, while the suspension formulation generated 

aerodynamic particles sizes > 4 pm. Furthermore, solution phase pMDIs formulated by
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drug solubilization into reverse micelles in CFC showed increased respirable fractions 

of 43% when using actuators with orifice diameters of 0.25 mm (Evans et al., 1989; 

Evans et al., 1991; Warren and Farr, 1995). Moreover, the reformulation of BDP as 

solution phase pMDI in HFA-134a/ethanol blends (Qvar™) delivers respirable fractions 

of 55-60% with a MMAD of 1.1 pm (Leach et al., 1998; Leach, 1998; Donnell, 2001). 

Drug deposition in healthy and asthmatic volunteers increased by approximately 10- 

fold with the solution phase pMDI over the micronized suspension pMDI generating 

particles with a MMAD of 3.5 pm. Although improved drug deposition can be obtained 

from solution phase pMDIs, its formulation suffers from some disadvantages. This is 

firstly because of the difficulty of producing molecular dispersions of poorly soluble 

drugs in HFA propellant and secondly because of chemical instability, i.e. degradation, 

of the drug formulated as solution in pressurized inhalers. The presence of surfactants 

and water, as well as container, gasket, and plastic components which are a source of 

“extractibles” in the propellant environment may enhance chemical instability (Seine et 

al., 1992; Blondino and Byron, 1996). The CFC propellants, for example, have 

previously exhibited stability problems in the presence of metal, water and ethanol, 

leading to the production of acids, peroxides and other highly reactive chemicals (Seine 

et al., 1992). One approach to overcome these problems is the formulation of 

nanoparticles which can be dispersed in HFA propellants for pulmonary delivery 

(Dickinson et al., 2001). Nanoparticle suspension pMDIs should provide the 

advantages of solution phase aerosols, i.e. maximize lung deposition while minimizing 

oropharyngeal deposition due to the generation of smaller particles compared to 

common micronized suspension pMDIs, while maintaining the integrity of the drug. 

Dickinson et al. (2001) formulated hydrophilic nanoparticles of less than 300 nm size 

for pulmonary delivery. Such hydrophilic nanoparticles dispersed in HFA-227 with the 

addition of 5% cosolvent, i.e. hexane, showed average aerodynamic diameters of 1.5 

pm and respirable fractions of > 58%. This suggests efficient drug delivery to the lung 

from nanoparticle suspension pMDIs with the main deposition in the smaller airways. 

With the development of alternative CFC-free pulmonary drug delivery devices such as 

portable nebulizer and DPIs and the growing challenge of delivering drugs into the 

systemic circulation via the pulmonary route there is the need of improving pMDI 

performances. This mainly includes a more efficient drug delivery into the lung, hence 

increasing respirable fractions, but also improving drug targeting in the lung. This can 

be achieved by either improving device design or drug formulations, whereby reducing 

aerodynamic particle sizes proved to be the most important factor for improving pMDI 

performances. Moreover, the growing interest of systemic drug delivery via the lung is
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a challenging task which requires the formulation of small particles which will preferably 

be deposited in the alveolar region.

1.1.5 Scope of thesis

The objective of the work described in this thesis was firstly to investigate surfactant 

behaviour in HFA propellants as this is an important aspect of future pMDI 

development and secondly to formulate lipophilic nanoparticles for the dispersion in 

HFA propellants as an approach to improve pMDI drug deposition efficiency and drug 

targeting to smaller airways.

HFA propellants are clearly no “drop-in” replacement for CFC propellants. As a result of 

the different physical properties, in particular the higher polarity, different surfactant 

behaviour compared to CFCs has to be considered. Understanding surfactant 

behaviour in HFAs is a prerequisite for the rational formulation of HFA based pMDIs. 

The investigative work on surfactant behaviour in HFAs constitutes the first part of this 

thesis and involved: (1) solubility studies on surfactants in HFAs with the aim of finding 

suitable HFA soluble surfactants for the use in HFA based pMDI systems; (2) the 

correlation of surfactant solubility in HFA-134a and HFA-227ea with those in 2H,3H- 

decafluoropentane in order to assess the letters suitability as a model propellant that is 

liquid at ambient temperature and pressure. A model propellant for HFA-134a and 

HFA-227ea would remove the need for experimental work involving pressurized 

systems and could be used as a reference to predict formulation behaviour in the 

actual HFA propellants; (3) investigations on surfactant aggregation behaviour and (4) 

surfactant aggregate orientation in the relatively polar HFA propellants.

The reformulation of pMDIs with HFAs is a challenge to improve pMDI performance 

especially with the development of alternative pulmonary delivery systems (e.g. DPIs 

and portable nebulizer) and the growing interest of systemic drug delivery via the 

pulmonary route. Nanoparticles dispersed into HFA are a promising approach for 

improving pMDI performance and drug delivery into more peripheral airways (Dickinson 

et al., 2001). The second part of the experimental work emphasized the formulation 

and characterization of lipophilic nanoparticles for the dispersion in HFA propellant. 

The nanoparticle HFA pMDI performance was investigated in vitro with an emphasis on 

the effects of formulation variables and comparison with commercially available
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solution and microparticle suspension pMDIs. Furthermore, the physical stability of 

nanoparticle pMDIs at elevated conditions was assessed with respect to crystal growth 

processes and changes in drug deposition profiles.
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2 Surfactant Solubility in HFA Propellants and 
Evaluation of 2H,3H-Decafluoropentane as a 
Potential Model Propellant
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2.1 Introduction

In this chapter, surfactant solubility was determined in HFA-134a and HFA-227ea in 

order to find soluble surfactants that could be used in HFA pMDI formulations and to 

investigate aspects of surfactant dissolution behaviour in HFAs. Furthermore, 

surfactant solubilities in the two propellants were compared with those in 2H,3H- 

decafluoropentane (DFP) in order to assess the latters suitability as a model propellant. 

The introduction to this chapter will give a short review of surfactant chemistry and will 

outline the importance of surfactants for the formulation of pMDIs. Furthermore, the 

need for a liquid model propellant for HFA propellants will be emphasized and 

measures of its evaluation presented.

2.1.1 Surfactants

2.1.1.1 Structure of surfactants

Surfactants are compounds that are composed of two distinct regions in their chemical 

structure; a hydrophilic head group and a lipophilic tail (Figure 2.1.1). Due to their 

characteristic structure they are referred to as amphiphilic molecules.

Lipophilic tail

Hydrophilic 
head group

Figure 2.1.1 Schematic illustration of a surfactant molecule

Surfactants are classified on the basis of their hydrophilic head group. They are 

therefore divided into four classes: anionics, cationics, non-ionics and zwitterionics 

(amphoterics) (Holmberg et al., 2003). The lipophilic tail is normally a hydrocarbon 

(alky- or alkylaryl-chain), but may also be a polydimethylsiloxane or a fluorocarbon. 

Carboxylate, sulfate, sulfonate and phosphate are the polar head groups found in
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anionic surfactants, e.g. alkylethercarboxylates, alkylsulphates, alkylethersulphates, 

alkylphosphates or alkyletherphosphates. The vast majority of cationic surfactants 

carry the positive charge on a nitrogen atom. Common are quarternary ammonium and 

pyridinium cationic surfactants. Zwitterionic surfactants contain two charged groups of 

different sign. The positive charge carries almost invariably ammonium, whereas the 

source of the negative charge may vary. Examples are N-alkyl dérivâtes of aminoacids 

(e.g. betaine) or phospholipids (e.g. lecithin). Nonionic surfactants have either a 

polyether or a polyhydroxyl unit as the polar head group. In most of the non-ionics, the 

polar head is a polyether consisting of oxyethylene units, i.e. polyoxyethylene (POE) 

moiety. Examples are Polyoxyethylene-alkyl-ester or -ether (Myrj® and Brij®, 

respectively) and Polyoxyethylene-alkylaryl-ether (Triton®). Examples of polyhydroxyl 

(polyol) -based surfactants are sucrose-esters, sorbitan-esters, alkylglucosides and 

polyglycerol esters. Polyol surfactants may also be ethoxylated. Common examples 

are the fatty acid esters of sorbitan (Spans®) and the corresponding ethoxylated 

products (Tweens®) (Holmberg et al., 2003). Another group of polyoxyethylene-based 

surfactants are polyoxyethylene block copolymers. Block copolymers are large polymer 

molecules that consist of more than one type of monomer. The individual monomers 

occur as blocks of various length. The different blocks show different solubilities which 

explains the amphiphilic character of these block copolymers. Figure 2.1.2 shows 

examples of some polyoxyethylene (POE)-polyoxypropylene (PPO) copolymers.

ÇH3

HO-(CH2CH20))(-(CHgCHO) ̂ (CHgCHgOx'-H

CH, ÇH3

HO-{CHCH 20)x-(CH 2CH20)v-{CH gCHO) x-H

EO PO EO PO EO PO

Pluronic Inverse Pluronic

Figure 2.1.2 Structures of polyoxyethylene-polyoxypropylene copolymers 

(www.basf.com)
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2.1.1.2 Characteristic features of surfactants

Due to their amphiphilic structure, surfactants, or surface active agents, have the 

tendency to adsorb at surfaces and interfaces. The driving force for the amphiphilic 

molecules in solution to adsorb at surfaces and interfaces is to reduce the free energy 

of the system by (1) removing the solvophobic moiety from the bulk, hence increasing 

the entropy due to decreased solvent molecule structuring around the solvophobic 

moiety and by (2) replacing solvent molecules at the interface with surfactant 

molecules, which reduces the intermolecular forces between the solvent molecules 

since the intermolecular forces between two solvent molecules are stronger than 

between a surfactant molecule and a solvent molecule (Florence and Attwood, 1998) 

(see in detail 3.1.1). This results in reduced surface/interfacial tension (interfacial free 

energy). Another fundamental property of surface active agents in solution is that they 

tend to form aggregates, so-called micelles, once the surface/interface is saturated with 

surfactant monomers. The concentration at which micelles start to form is called the 

critical micelle concentration (cmc). Micelle formation, or micellization, is an alternative 

mechanism to adsorption at interfaces for removing the solvophobic moiety from 

contact with the solvent, thereby reducing the free energy of the system. Micelles do 

not contribute to the reduction of surface/interfacial tension. One feature of surfactants 

that arises from micellization is the ability for drug solubilization. This is a process, 

where insoluble drugs are brought into solution by incorporation into micelles (Florence 

and Attwood, 1998; Holmberg et al., 2003).

2.1.1.3 Surfactants for the formulation of pMDIs

Drugs in pMDIs are either formulated as solutions or suspensions. In HFA solutions, 

surfactants are used to increase drug solubility and to overcome valve sticking 

problems (Vervaet and Byron, 1999). In suspension pMDI formulations, however, 

surfactants have additional functions. A suspension must be stable enough to ensure 

accurate filling during manufacture, accurate dosing when the device is actuated by the 

patient and maintaining the aerodynamic particle size of the emitted dose since this is 

crucial for drug deposition in the lung. An acceptable and stable suspension, therefore, 

possesses certain desirable qualities, including that the suspended material should not 

settle or cream rapidly, easy redispersibility and no particle growth due to irreversible 

aggregation and/or crystallization processes (Hiestand, 1964; Martin, 1993; Johnson, 

1996). The dispersion of drug particles in a liquefied propellant blend leads to a
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thermodynamically unstable system due to the large surface area of the suspended 

particles. The increase in surface free energy AG by increasing the surface area AA is 

given in Equation 2.1.1, where Ysl is the interfacial tension between the liquid medium 

and the solid particle (Martin, 1993; Florence and Attwood, 1998).

AG = Ysl ' AA

Equation 2.1.1

In order to approach a stable state, the system tends to reduce the surface free energy. 

This can be accomplished by either reduction of the surface area, i.e. formation of 

agglomerates due to particle-particle interactions, or by reduction of the interfacial 

tension, i.e. addition of surfactants. The interaction between suspended particles can 

be placed into three categories: attractive, electrostatic (repulsive), and steric. Forces 

of attraction are of the London - van der Waals type, while repulsive forces arise from 

the interaction of the electric double layer surrounding the particles (Martin, 1993; 

Johnson, 1996). Adsorption of a protective layer of surfactant or polymeric molecules 

around the particles offers steric repulsion (Hiestand, 1964; Schneider et al., 1978). 

According to the theory of Derjaguin, Landau, Verwey and Overbeek, or DLVO theory, 

the interparticle pair potentials (attractive and repulsive forces) are calculated as a 

function of separation and summed to obtain the total interaction potential (Figure 

2.1.3). The net energy curve shows that attraction predominates at short (primary 

minimum) and long distances (secondary minimum), whereas repulsion predominates 

at intermediate distances (peak). Strong forces of aggregation exist between particles 

when deflocculated particles overcome the high energy barrier of repulsion at 

intermediate distances and move into close contact (primary minimum). This is what 

presumably happens when due to sedimentation particles of a deflocculated 

suspension settle into a dense mass in the bottom of a container creating a close 

packing. The attractive forces are sufficient enough to form a non-redispersable cake 

(Schneider et al., 1978). Since caking is a major concern for the formulation of 

suspensions, it is suggested to overcome this problem by “controlled flocculation" 

(Hiestand, 1964; Schneider et al., 1978; Ranucci et al., 1987; Ranucci et al., 1990; 

Martin, 1993; Vervaet and Byron, 1999). “Controlled flocculation “ searches to establish 

a secondary minimum potential energy where the attractive van der Waals forces are 

lower than in the primary minimum. Such a system should have a large sedimentation 

volume and should be easy to redisperse. Controlled flocculation in suspensions can 

be provided by two means: (1) by reduction of the zeta-potential and therefore
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decreasing electrostatic forces by addition of ionic compounds and (2) by formation of 

a protective layer of surfactants or polymers around the particles that can form bridges 

between the particles to promote loose floe formation, hence prevent the formation of a 

dense, non-redispersable cake (Hiestand, 1964). In pMDI suspensions, however, the 

formation of “controlled flocculation” does not necessarily result in improved spray 

performance and drug deposition in the lung (Hickey et al., 1988; Farr et al., 1994). 

Thus a deflocculated system may be a more appropriate formulation strategy with 

pMDIs.

Repulsion curve

Energy of 
interaction

Energy curve for 
flocculated suspension(+)

Particle
Particle

primary
minimum

Attractive curve

Distance between 
particles

secondary
minimum

Figure 2.1.3 Potential energy curves for particle interactions in suspension (adapted 

from Martin, 1993)

62



The electrostatic theories of suspension stabilization have never been validated for 

non-aqueous drug suspensions in pMDIs. Even if particulate charge is present in 

propellant suspensions (Wyatt and Vincent, 1992; Johnson, 1996), electrostatic 

repulsive forces should be much smaller in these low dielectric propellants than in 

water (Miller and Schultz, 1992; Wyatt and Vincent, 1992; Farr et al., 1994; Johnson, 

1996; Vervaet and Byron, 1999). Criteria for electrostatic stabilization of non-aqueous 

dispersions were reviewed by van der Hoevan (1992). Besides the presence of surface 

charges it is further essential that there are enough ions in solution to ensure a steep 

potential decay around the particles (small electric double layer thickness). Therefore, 

electrostatic stabilization may be problematic in low or non-polar propellants containing 

low electrolyte concentrations. Hence, steric repulsion is considered as the most 

important stabilization mechanism in suspension pMDIs (Vervaet and Byron, 1999; 

Rogueda, 2002). The steric stabilization process involves two components: entropie 

and enthalpic. The entropie contribution derives from the decrease in configuration 

entropy (restriction of mobility) when two surfactant/polymer layers approach each 

other, whereas the enthalpic contribution comes from the mixing of the stabilizing agent 

with the solvent. If the adsorbed molecule favours solvation, the surfaces will repel 

each other as they approach. However, if the stabilizing agent is only poorly soluble in 

the suspending medium, the surfaces will attract each other which results in 

agglomeration (Johnson, 1996). A sufficient surfactant solubility is therefore necessary 

to achieve suspension stabilization.

In summary, surfactants play a major role in the formulation of stable suspension 

pMDIs. They reduce the interfacial tension between the particle and the liquid which 

results in a more thermodynamically stable dispersion. On the other hand, they provide 

steric barriers against flocculation. The deflocculating effect is proportional to the 

surfactant concentration. However, at very high concentrations (~ 15 times the cmc), 

the surfactants are also able to produce “controlled flocculation” which may be desired 

in some formulations to prevent the formation of a compact sediment that is difficult to 

redisperse (Schneider et al., 1978; Martin, 1993).

The transition from CFC to HFA propellants has proven to be difficult due to the 

differences in chemical and physical properties. The HFA propellants are clearly not 

“drop-in” replacements for the traditional CFCs and one of the major problems of the 

transition is that the low HLB (hydrophile-lipophile balance) surfactants currently 

approved in CFC-based pMDIs, i.e. sorbitan trioleate (Span 85), oleic acid, and lecithin, 

are insoluble in the more polar HFA propellants without the use of cosolvents (Blondino
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and Byron, 1998). The use of cosolvents such as ethanol for example can affect 

propellant properties like reduction of vapour pressure and may also lead to partial 

drug dissolution with the risk of subsequent crystal growth. Thus, alternative 

surfactants that are sufficiently soluble in HFA propellant are being sought. A minimum 

solubility of 0.1-2% (w/v) is suggested to stabilize CFC suspensions (Byron et al., 

1994). Byron and Blondino (1998) performed a large number of solubility 

determinations for alternative surfactants in alternative propellants, including HFA-134a 

and HFA-227ea. It was found that more hydrophilic surfactants with higher HLB-values 

tend to dissolve more in HFAs. This was explained by possible hydrogen bonding (H- 

bonding) between HFAs and the relatively high HLB surfactants which have more 

potential for hydrogen bonding than low HLB surfactants. However, with the exception 

of some ethoxylated and ethylene glycol compounds and their dérivâtes, most common 

surfactants show only little solubility. Overviews of the patents issued in this area show 

that investigations into alternative surfactants such as fluorinated or polymeric 

surfactants have been undertaken (Fassberg et al., 1995; Bowman and Greenleaf, 

1999). Wright (1994) describes promotion of suspension stability in HFA-227ea using a 

variety of polymer-based excipients, i.e. a fluorosurfactant, a POE-PPO block 

copolymer, polyvinylpyrrolidone (PVP) and polyvinylpyrrolidone-vinylacetate 

copolymer. Williams et al. (1999) co-ground a POE-PPO block copolymer (Pluronic 

F77®) with triamcinolone acetonide. An HFA suspension of this drug formulation 

showed improved spray performance and suspension stability. Stefely (2002), on the 

other hand, described the use of oligolactic acid based excipients as solubilizers, 

suspension aids, and for sustained release in HFAs. However, the use of these new 

excipients remain limited by an insufficient toxicological profile with respect to lung 

delivery.

2.1.2 Liquid model propellants

Since investigations on propellant and pMDI properties are much more difficult to carry 

out in pressurized systems than in non-pressurized systems, there is a need for a 

model propellant that is liquid at ambient temperature and pressure and that exhibits 

similar physical and chemical properties compared to those of the HFA propellants. It 

will serve as a reference to formulation properties and predict their behaviour in 

propellants. 1,1,2-trichlorotrifluoroethane (P-113) was used as a model propellant for 

CFCs. However, so far there have only been a few attempts to suggest a suitable
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model HFA. Dickinson et al. (2000) assessed perfluorohexane, 1 H-perfluorohexane, 

and 2,2,2-trifluoroethanol as potential models by comparing solute solubility. Only 1H- 

perfluorohexane showed a linear relationship between solubilities in HFA propellants 

and the model. The introduction of the hydrogen, thus the ability of hydrogen bonding, 

appears to have a crucial effect on solvency properties. However, solubilities in 1H- 

perfluorohexane were only approximately 11% and 26% of those in HFA-134a and 

HFA-227ea. According to Rogueda (2003), the selection of a model propellant should 

meet some criteria: (1) only perfluorinated alkanes with low degree of hydrogen 

substitution should be considered, as are HFA-134a and HFA-227ea; (2) no hydrogen 

atom at the end position of the carbon chain since this is too accessible compared to 

the hydrogen in HFA-227ea; (3) the length of the carbon chain should be as short as 

possible in order to maintain some rigidity of the short chain propellants. However, it 

must be long enough to ensure a liquid state at ambient temperature. He proposed 

therefore 2H,3H-decafluoropentane (DFP) as a potential model propellant which 

complies with the theoretical requirements of a model propellant. This model propellant 

was also selected for the current work in 2001. Compared to 1 H-perfluorohexane, it 

has one carbon less and one additional hydrogen atom (Figure 2.1.4).

Figure 2.1.4 Structure o f 2H,3H-decafluoropentane

Rogueda (2003) characterized physical properties of DFP and compared solubilities of 

some polyethyleneglycols and polyvinylpyrrolidones in HFA propellants with those in 

DFP. A comparison of some physical properties with both propellants is presented in 

Table 2.1.1. It was concluded that DFP is a good model for both HFA-propellants, 

although its properties, e.g. homopolymer solubility, are somewhat different compared 

to HFA-134a. DFP and HFA-227ea showed a more similar homopolymer solubility than 

DFP and HFA-134a. This led to the conclusion that DFP is a better model for HFA-
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227ea. However, since solute solubility is one of the most crucial parameters 

characterizing physical and chemical properties of solvents, it should be examined in 

more detail for the assessment of DFP as a model propellant (Rogueda (2003) only 

examined 4 homopolymers). Surfactants, i.e. surfactant solubilities, have a crucial 

influence on pMDI stability and performance. Comparing surfactant solubility in HFAs 

instead of homopolymer solubility is therefore a useful measure for the evaluation of 

potential model propellants that will be used as reference for pMDI formulation 

properties.

DFP HFA-227ea HFA134a

boiling point X 53.6 -16.5 -26.3

dielectric constant t 15.05 (6.8=) 4.07^ 9.51^

Density d 1.583 at 20°C 1.388 at 25°C 1.208 at 25°C

refractive index n 1.26 1.22 1.18

Table 2.1.1 Comparative table o f some physical properties o f HFA propellants and 

DFP (adapted from Rogueda (2003), ® measured at GlaxoSmithKline;  ̂ (Blondino and 

Byron, 1998).

In this chapter, studies on surfactant solubility were carried out in order to (1) find HFA- 

soluble surfactants that could be used in the formulation of HFA pMDIs (2) investigate 

aspects of surfactant dissolution behaviour in HFAs and (3) evaluate DFP as model 

propellant.

2.2 Materials

Brij 30, Brij 35, Brij 97, Polyoxyethylene (lO)-laurylether, Tween 80, Tween 20, and 

Polyoxyethylenes (POE) were purchased from Sigma-Aldrich (Steinheim, Germany). 

Brij 56, Brij 76, Tween 60 and Span 20 were purchased from Fluka Chemie GmbH 

(Buchs, Switzerland). Poly (ethylene oxide)-Poly (propylene oxide) block copolymer 

(POE-PPO-block copolymer) surfactants (Pluronic F-127, F-68, L-64, L-44 NF, L-43, 

25-R4, 17-R2, 17-R4, 10-R5) were a generous gift from BASF Corporation (New
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Jersey, USA), Synperonic PE L-101 and L-62 were obtained from Uniqema 

(Eversberg, Belgium). The hydrofluoroalkane propellants 1,1,1,2-tetrafluoroethane 

(Solkane® 134a pharma) and 1,1,1,2,3,3,3-heptafluoropropane (Solkane® 227ea 

pharma) were supplied by Solvay Fluor und Derivate GmbH (Hannover, Germany) (the 

first supply was a free sample). The liquid model propellant 2H,3H-decafluoropentane 

(DFP) was obtained from Apollo Scientific Ltd. (Derbyshire, UK). All chemicals were 

used as received. Plastic-coated, pressure resistant glass bottles (Wheaton, USA) and 

continuous spray valves (Valois, France) were supplied from GlaxoSmithKline.

2.3 Methods

2.3.1 Surfactant solubility

For the determination of surfactant solubility in liquefied gases and the model 

propellant, a commonly described method was used (Brown and George, 1997; 

Blondino and Byron, 1998; Williams III and Liu, 1998a). HFAs were added by weight to 

a known amount of surfactant until dissolution was visibly apparent. Surfactant was 

considered as dissolved when one clear phase was apparent. Solubility was 

determined between 0.01 % and 50 % (w/w) at ambient temperature (~ 23-25°C). For 

solubility determination in the two propellants HFA-134a and HFA-227ea, surfactant 

was filled into a plastic-coated glass bottle (Wheaton, USA), a continuous spray valve 

(Valois, France) was then crimped (manual bottle crimper, model 3000-B, Aero-Tech 

Laboratory Equipment Company, Maryland, USA) onto the bottle and propellant filled 

through the valve via a pressure burette (Aero-Tech Laboratory Equipment Company, 

Maryland, USA) (Figure 2.3.1). After each propellant addition, the bottle was sonicated 

(XB6 Grant Instruments Ltd.) for 20 seconds. In order to keep the propellant in the 

liquid state, pressure within the burette was held between 4-6 bar with addition of 

nitrogen. Surfactant solubility in the liquid model propellant was carried out in screw 

cap glass squat vials (Scientific Laboratory Supplies Limited, Nottingham, UK) with 

DFP added by weight using a Pasteur pipette.
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Propellant
line

Nitrogen line

Plastic coated glass burette 
to be filled with liquid 
propellant and nitrogen gas

Plastic-coated glass bottle

Figure 2.3.1 Pressure Burette

2.3.2 Assessment of DFP as a model propellant

In order to assess the suitability of DFP as model propellant, log solubility values in 

HFA-134a and HFA-227ea, respectively, were plotted against those in DFP.

2.4 Results

2.4.1 Surfactant solubility

In Table 2.4.1 and Table 2.4.2, the apparent surfactant solubility in the two propellants 

HFA-134a and HFA-227ea as well as in the liquid model propellant 2H,3H- 

decafluoropentane (DFP) are presented. Solubility studies were made on the following
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surfactant types: Polyoxyethylene-ethers (Brijs), Polyoxyethylene (20)-sorbitan fatty 

acid-esters (Tweens), Sorbitan fatty acid-esters (Spans), polymeric Polyoxyethylene- 

alkylarylether (Tyloxapol), PEO-PPO-PEO-triblock copolymer (Poloxamer) and PPO- 

PEO-PPO-triblock copolymer (reverse-Poloxamer) surfactants.

In HFA-227ea, Brijs of a liquid-pasty consistency (i.e. Brij 30, Brij 97 and POE10-C12) 

show high solubility (31-50%), whereas Brijs of a waxy-solid consistency (i.e. Brij 56, 

Brij 76 and Brij 35) exhibit solubilities of ^ 1%. Tweens are either miscible in all 

proportions, i.e. Tween 20, or they show low solubility of « 0.1%, i.e. Tween 60 and 

Tween 80. Span 20 is practically insoluble in HFA-227ea. Tyloxapol is reasonably 

soluble with 0.5%.

In HFA-134a, waxy-solid Brijs are, as in HFA-227ea, less soluble than the liquid ones. 

However, other than in HFA-227ea, solubilities of the liquid-pasty Brijs are only 1-4% in 

HFA-134a. Tweens are around 0.1-0.2% soluble. Span 20 and Tyloxapol are 

practically insoluble.

In DFP, solubility of the conventional surfactants is similar to that in HFA-134a except 

for POE10-C12 which is in contrast » 30% soluble.

Poloxamer and reverse Poloxamer (R-Poloxamer) solubility in the three HFAs is listed 

in Table 2.4.2. The first letter describes their physical form (www.basf.com): “L” for 

liquid, “P” for paste and “F” for solid. The following digit (two digits in a three digit 

number) multiplied by 300, indicates the approximate molecular weight (MW) of the 

hydrophobe. The last digit multiplied by 10 indicates the approximate ethylene oxide 

content in weight percent. For reverse Poloxamers, the digits preceding the “R” 

multiplied by 100 indicates the approximate MW of the PPO-block. The number 

following the “R” multiplied by 10 indicates the approximate weight percent POE in the 

molecule. Details of the molecular structure are presented in Table 2.4.3. R- 

Poloxamers that are listed in Table 2.4.2 are all liquid, except 25-R4 which is of a pasty 

consistency at room temperature. High solubility is shown for all liquid Poloxamers and 

R-Poloxamers in HFA-227ea. In contrast, solid Poloxamers are practically insoluble. 

Insolubility of Pluronic F-127 and F-68 also applies to HFA-134a. In contrast to HFA- 

227ea, however, liquid Poloxamers are = 0.1-3% soluble in HFA-134a, whereas R- 

Poloxamers, except 25-R4, are > 50% soluble. POE-PPO-block copolymer solubility in 

DFP is similar to that in HFA-134a.

Furthermore, the solubility of various molecular weight POEs was determined and 

results are presented in Table 2.4.4
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HFA-134a HFA-227ea DFP

POE 10-C12
Polyoxyethylene (10) 

laurylether 
HLB:- *  4 *31 *30

Brlj 97
Polyoxyethylene (10) 

oleylether 
HLB: 12.4 *  1 *  50 * 2

Brij 56
Polyoxyethylene (10) 

cetylether 
HLB: 12.9 * 0 .7 -1 *0 .2 *0.3

Brij 76
Polyoxyethylene (10) 

stearylether 
HLB: 12.4 *  0.7 *0 .3 *0.2

Brij 35
Polyoxyethylene (23) 

laurylether 
HLB: 16.9 *0.08 *0.03 *  0.05

Brij 30
Polyoxyethylene (4) 

laurylether 
HLB: 9.7 * 2 > 50 * 3

Tween 20
Polyoxyethylene (20) 
sorbitan-monolaurate 

HLB: 16.7 *0.2 > 50 *0.2

Tween 60
Polyoxyethylene (20) 

sorbitan-monostearate 
HLB: 14.9 *0.1 *0.1 *0.2

Tween 80
Polyoxyethylene (20) 
sorbitan-monooleate 

HLB: 15.0 *0.1 *0.1 *0.2

Span 20
Sorbitan-monolaurate 

HLB: 8.6 <0.01 < 0.01 <0.01

Tyloxapol
POE 4-(1,1,3,3-tetramethyl- 

butyl)phenol polymer 
HLB: 13.4 *0.02 *0 .5 *0.05

Table 2.4.1 Apparent surfactant solubility % (w/w) in HFAs
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Poloxamer HFA-134a HFA-227ea DFP

Pluronic F127 < 0.01 < 0.01 < 0.01

Pluronic F-68 < 0.01 < 0.01 <0.01

Synperonic 
PE L-101 *  0 .1—0.2 > 50 = 0.1

Synperonic 
PE L-62 ~2 > 50 « 1

Pluronic L-64 = 1 > 50 «1

Pluronic L-44 NF * 2 > 50 « 4

Pluronic L-43 » 3 > 50 «4

R-Pluronic
25-R4 «2 «42 « 4

R-Pluronic
17-R4 > 50 > 50 > 50

R-Pluronic
17-R2 > 50 > 50 > 50

R-Pluronic
10-R5 > 50 > 50 > 50

Table 2.4.2 Apparent Poloxamer/R-Poloxamer solubility % (w/w) in HFAs
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Poloxamer Mw Mw POE Mw PPO POE/PPO

Pluronic F127 12600 8820 3780 70/30

Pluronic F-68 8400 6720 1680 80/20

Synperonic 
PE L-101 3333 333 3000 10/90

Synperonic 
PE L-62 2250 450 1800 20/80

Pluronic L-64 2900 1160 1740 40/60

Pluronic L-44 NF 2200 880 1320 40/60

Pluronic L-43 1714 514 1200 30/70

R-Pluronic
25-R4 3600 1440 2160 40/60

R-Pluronic
17-R4 2650 1060 1590 40/60

R-Pluronic
17-R2 2125 425 1700 20/80

R-Pluronic
10-R5 2000 1000 1000 50/50

Table 2.4.3 Structure properties o f Poloxamer surfactants
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HFA-134a HFA-227ea DFP

POE 300 = 4 > 50 = 4.5

POE 600 = 4 > 50 >50

POE 1000 « 2 = 2 « 0.7

POE 2000 <0.01 <0.01 <0.01

Table 2.4.4 Apparent POE solubility % (w/w) in HFAs

2.4.2 Assessment of DFP as a model propellant

In order to assess the suitability of DFP as a liquid model propellant, log solubility data 

in HFA-134a and HFA-227ea, respectively, are plotted against those in DFP (Figure

2.4.1 and Figure 2.4.2). A significant correlation exists only between surfactant 

solubility in HFA-134a and DFP with a slope of 0.978 and a correlation coefficient of 

0.950.
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2.5 Discussion

As previously mentioned, the purpose of this study was to find HFA soluble surfactants 

for the formulation of pMDIs, to investigate aspects influencing surfactant solubility and 

to assess the suitability of DFP as a model propellant.

Suspending agents should dissolve in HFA without the use of cosolvents. They should 

interact with the particle surface and should stop particle agglomeration due to steric 

stabilization by extending the solvophilic surfactant moiety into the solvent. The ideal 

steric stabilizer would therefore consist of a functional group of marginal solubility that 

interacts with the particle surface, hence prevents desorption from the solid/liquid 

interface, and of a more soluble stabilizing moiety. For the stabilization of CFC pMDIs, 

an optimum surfactant solubility of 0.1-2% was postulated (Byron et al., 1994). In HFA- 

134a, most of the conventional surfactants investigated were ^ 0.1% soluble. Only 

Span 20, Tyloxapol and Brij 35 showed solubilities < 0.1%. The same applies to the 

surfactant solubility in HFA-227ea, except that Tyloxapol is soluble in HFA-227ea. All 

liquid and reverse Poloxamers appeared to be soluble in HFA-134a and -227ea, 

whereas the solid ones, i.e. F-127 and F-68, were < 0.01% soluble. In general, 

surfactants, i.e. Poloxamers and Brijs, exhibit a far higher solubility of » 10% in HFA- 

227ea compared to the solubility in HFA-134a. However, HFA soluble surfactants for 

the potential use in pMDI formulations could be found, mainly among the Brij and 

Poloxamer surfactants.

What kind of information about surfactant dissolution behaviour can be obtained from 

the solubility data presented? Does the solubility study reveal any aspects of what 

determines surfactant solubility in HFA propellants?

Looking first at the solubility data in HFA-134a: Span 20 (Sorbitan-monolaurate) is 

insoluble. Tween 20 (POE (20) sorbitan-monolaurate) is 0.2% soluble and Brij 30 (POE 

(4) laurylether) has a solubility of = 2%. Relating the solubility data to the molecular 

structure, it becomes evident that firstly the introduction of sorbitan significantly 

decreases surfactant solubility and secondly that the introduction of a POE chain 

significantly increases surfactant solubility. Further information can be obtained by 

comparing solubilities of Brij 30 (= 2%), POE10-C12 (« 4%) and Brij 35 (» 0.08%). The 

only difference in their molecular structure is the length of their POE moiety. Brij 30 has 

4 POE units, POE10-C12 has 10 units and Brij 35 has 23 units. The increase from 4 to 

10 units increases solubility, whereas a further increase to 23 units significantly 

decreases solubility to < 0.1%. It appears that the hydrophilic moiety in the surfactant 

molecule determines solubility. Surfactants consisting of hydrophilic polyol structures 

like for instance sorbitans (Spans®) or glucosides and thioglucosides are found to be
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insoluble or only slightly soluble (Brown and George, 1997; Blondino and Byron, 1998; 

Williams III and Liu, 1998a). The solubility of ethoxylated surfactants, on the other 

hand, appears to be dependent on the length of the POE moiety. However, even if 

there is strong evidence that the hydrophilic moiety may influence surfactant solubility 

in HFA propellants, a correlation between the HLB and solubility does not exist (Table 

2.4.1).

Since the POE moiety appears to be crucial for surfactant dissolution in HFA 

propellants, POE solubility of various molecular weights was determined and presented 

in table 2.4.4. Low molecular weight POEs are 4% and 50% soluble in HFA-134a and 

HFA-227ea, respectively. Increasing the MW from 600 to 1000 results in a drastic 

solubility decrease from 50% to 2% in HFA-227ea, whereas in HFA-134a the solubility 

is reduced by half. POE 2000, however, is insoluble in both propellants. POE is liquid 

at room temperature up to a MW of -  600 (-  10 POE units), further polymerization 

results in a waxy-solid state. POE 1000 to 20,000 has a crystallinity of around 90% 

(Salamone, 1996). The configuration of the POE chain depends on its length. At low 

degrees of polymerization, i.e. in aqueous solution < -10-12 POE units and in bulk < 

20-40 units, the POE chain exists in a “zigzag” configuration, whereas at higher 

degrees of polymerization it changes into a meander configuration. However, with 

surface-active dérivâtes of polyoxyethylene the change in configuration starts at a 

degree of polymerization of 15-20 (Rosch, 1967; Bailey and Koleske, 1967). The 

meander configuration maximizes hydrogen bonding while minimizing the number of 

exposed hydrophobic groups (Rosch, 1967; Bailey and Koleske, 1967; Hui et al., 

1999). The strong electron withdrawing effect of the fluorine atoms in propellant 

molecules, leaving a partial positive charge on the hydrogen substituents, allows a 

considerable charge separation in the propellant molecule which leads to the possibility 

of hydrogen bonding (Byron et al., 1994). Surfactant solubility is believed to be crucially 

dependent on the extent of H-bonding between the surfactant and propellant 

molecules. The increased solubility of high HLB surfactants in HFA propellants, for 

instance, was explained by increased H-bonding capacities between surfactant and 

HFA propellant molecules compared to low HLB surfactants like oleic acid. Span 85 

and lecithin (Byron et al., 1994; Blondino and Byron, 1998). However, since the POE 

solubility decreases in HFA propellants at a degree of polymerisation of > -10, it can 

be assumed that as in aqueous solutions POE changes its configuration, which results 

in decreased HFA solubility. Assuming the decreased POE solubility is a result of a 

transformation into a meander structure as in aqueous solutions with increased H-
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bonding capacities and decreased dispersion forces (“induced dipole - induced dipole” 

interactions), the existence of dispersion forces in addition to H-bonding interactions 

between POE and HFA can be suggested. This would also explain the insolubility of 

polyol surfactants, where similar to the meander structure of POE, polar hydroxyl 

groups are exposed to the bulk solvent with a high degree of H-bonding capacity. 

However, as for POE itself, conventional ethoxylated surfactants consisting of more 

than -  10 POE units (MW > ~ 600) are generally found to be poorly soluble in both 

propellants, except Tween 20 in HFA-227ea.

As for the conventional surfactants, it appears that the length of the POE moiety is 

critical for the Poloxamer solubility. Solid Pluronics that consist of POE chains with MW 

> 1000 are < 0.01% soluble in both propellants, i.e. Pluronic F 127 and F 68. None of 

the soluble Poloxamers and R-Poloxamers consist of a POE moiety > 1000, which is 

also reflected in their liquid physical state. (Remark: The POE MW presented in table

2.4.3 needs to be divided by two in order to obtain the MW of each POE block of the 

POE-PPO-POE triblock copolymer.) In general, R-Poloxamers are found to be more 

soluble in HFA-134a than “normal” Poloxamers. One explanation could be the confined 

middle position of the POE block in the triblock that might inhibit conformational 

changes. 25-R4, however, shows a significantly lower solubility in HFA-134a compared 

to the other R-Pluronics. This might be explained by the fact that 25-R4 possesses the 

longest POE chain with a MW of 1440. In HFA-227ea, however, all liquid Poloxamers 

as well as the liquid Brijs exhibit solubilities of around 50%. Hence, surfactant solubility 

investigations suggest that at a given temperature surfactant-solvent interaction, e.g. 

H-bonding with the POE moiety, appears to be stronger in HFA-227ea than in HFA- 

134a.

Comparing surfactant solubility data in the two HFA propellants with those in DFP 

showed only a good correlation between HFA-134a and DFP. Rogueda (2003), on the 

other hand, concluded from the homopolymer solubility study that DFP is more similar 

to HFA-227ea. In this more detailed investigation into surfactant dissolution, however, 

DFP appeared to be a better model for HFA-134a than for HFA-227ea. More similar 

solvent properties of DFP and HFA-134a are expected when comparing molecular 

structures of the three HFAs. DFP and HFA-134a consist both of a second hydrogen 

atom, which appeared to have a crucial influence on the solvent properties.
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2.6 Conclusion

In conclusion, HFA-soluble surfactants could be found mainly among the Brij and 

Poloxamer surfactants. Solubility data gave evidence for a strong influence of the 

hydrophilic moiety on surfactant dissolution. The solubility of ethoxylated non-ionic 

surfactants was found to be strongly dependent on the length of the POE chain, which 

suggests configuration changes of the POE moiety in HFAs with increasing the chain 

length. Comparing surfactant solubility in the three HFAs showed only a good 

correlation between DFP and HFA-134a. Hence, DFP appeared to be a good model for 

HFA-134a, but not for HFA-227ea.
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3 Surfactant Aggregation and Orientation in 
Hydrofluoroalkanes
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3.1 Introduction

The focus of this chapter is the investigation of surfactant aggregation and aggregate 

orientation in HFA propellants with emphasis on implications for pharmaceutical 

inhalation aerosol formulation.

Structural aspects of surfactants have already been discussed in chapter 2. Thus, the 

introduction to this chapter will focus on characteristic features of surfactant solutions 

including phase behaviour, micellization and solubilization. This will be briefly 

discussed in aqueous systems and will then be compared with non-aqueous systems, 

including CFC and HFA propellants. Pharmaceutical aspects with emphasis on aerosol 

formulation deriving from those characteristic features of surfactants in solution will be 

presented. Later, the importance of the investigation into surfactant behaviour in HFA 

propellants is stressed and investigation methods are presented.

3.1.1 Surfactants in aqueous solution

Dissolving an amphiphilic molecule consisting of a solvophobic and a solvophilic moiety 

in a solvent leads to an unstable molecular dispersed solution of high free energy state. 

Changes in the free energy at constant temperature arise from changes in enthalpy 

and entropy given by the Gibbs-Helmholtz equation (Equation 3.1.1).

AG = AH -  T AS

Equation 3.1.1

G = Gibbs free energy 

H = Enthalpy 

T = Temperature 

8 = Entropy

Due to its structure and high dipole moment, water is capable of forming highly 

structured hydrogen-bonded clusters. One theory of the water structure is the so-called 

“flickering cluster” concept. It describes a dynamic process of continuous cluster 

formation by hydrogen-bonding and at the same time rupture of hydrogen bonds. As a
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result, clusters of ice-like water are suspended in a fluid of unbound water (Florence 

and Attwood, 1998) (Figure 3.1.1).

Clusters

H -0 P -H

H -O

p - H

Figure 3.1.1 Illustration o f water clusters and unbound water molecules (Florence and 

Attwood, 1998)

Dissolving a surfactant molecule in water leads to water molecule structuring around 

the non-polar (hydrophobic) moiety of the amphiphilic molecule resulting in increased 

free energy (AG) due to the entropy decrease of the system. Thus, the system seeks 

for mechanisms of removing the hydrophobic moiety from contact with water in order to 

reduce the overall free energy. Hydrophobic interactions as a consequence of van der 

Waals forces between the hydrocarbon molecules as well as the loss of water 

structuring are the driving force for such mechanisms (hydrophobic effect). With 

increasing the surfactant concentration, removing the hydrophobic surfactant moiety 

from contact with water, involves the following processes:

surfactant
concentration

• Accumulation of surfactant at water-air or water-oil interfaces

• Micelle formation (micellization)

• Formation of rod-like micelles

• Formation of hexagonal arrays of rod-like micelles ^  

(hexagonal or middle phase)

• Formation of a lamellar or neat phase

liquid crystalline 
phases
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A schematic illustration of surfactant behaviour in water with increasing the surfactant 

concentration is shown in Figure 3.1.2.

Q  -------  polar head

  lipophilic tail

Surfactant molecule

Micellar surfactant solution Hexagonal phase Lamellar phase

Surfactant concentration

Figure 3.1.2 Schematic illustration o f surfactant phase behaviour in water (Bauer et 

a!., 1997)

Aspects of the accumulation at interfaces, i.e. surface tension reduction and 

suspension stabilization due to adsorption onto solid particle surfaces, have already 

been discussed in chapter 2. The focus of this chapter is the micellization process and 

its implications for pharmaceutical formulations.

3.1.1.1 Micellization

Micellization is a process in which surfactant molecules associate to form a micelle. In 

water, the hydrophobic moieties of surfactant molecules compose the lipophilic core of 

the micelle, being shielded from the surrounding water by a shell of either ionized head 

groups or polyoxyethylene chains for ionic and non-ionic surfactants, respectively (Li-
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aggregate orientation). In the case of ionic surfactants the layer surrounding the 

lipophilic core not only contains the ionic head groups but also counter ions. The inner 

layer is called the Stern layer and it contributes to the electric double layer surrounding 

the micelle. The outer layer containing the remaining counter ions is called Gouy- 

Chapman layer (Florence and Attwood, 1998). However, in non-ionic surfactants the 

polyoxyethylene layer surrounding the lipophilic core is called the palisade layer.

The free energy (AG) of micellization in water, thus the driving force of micellization, is 

a result of several enthalpic and entropie processes (Mittal, 1977; Ruckenstein and 

Nagarajan, 1980; Fendler, 1982): (1) entropy gain due to reduced water molecule 

structuring around the hydrophobe (hydrophobic effect) (-AG); (2) loss of translational 

and rotational freedom of the surfactant molecule (+AG); (3) weak dispersion forces 

between the hydrocarbon chains (-AG); (4) repulsive forces between the ionic head 

groups for ionic surfactants (+AG). At low surfactant concentrations, the entropy loss 

due to surfactant structuring opposes surfactant aggregation. However, at higher 

concentrations, the entropy gain caused by the loss of water molecule structuring 

becomes more dominant and as a result micellization occurs. For conventional 

nonionic and ionic surfactants well as polymeric POE-PPO-POE block copolymers, 

micellization in aqueous solvents starts spontaneously within a narrow concentration 

range, so called critical micelle concentration (cmc) (Attwood and Florence, 1983; Zhou 

and Chu, 1987; Wanka et al., 1990; Alexandridis et al., 1994; Alexandridis, 1995), that 

is evident in a sharp transition of physical, colligative and spectral properties, e.g. 

surface tension, conductivity, osmotic pressure, drug solubilization, and light scattering 

intensity. For POE-PPO-POE block copolymers, however, the unimer-to-micelle 

transition is found to be not as sharp as for conventional surfactants (Alexandridis, 

1995). Wanka et al. (1990) showed that the energy gain for the transfer of a PPO- 

group is four times less than the corresponding energy for a CH2-group, thus four PPO- 

groups are needed in order to obtain the same transfer energy as for one CH2-group. 

Micellization of ionic surfactants is opposed by electrostatic repulsion between the ionic 

headgroups, whereas for the micellization of non-ionic surfactants, there is no electrical 

work necessary. As a consequence non-ionic surfactants in general show much lower 

cmc values. Generally, as an effect of the driving force of micellization, cmcs decrease 

and aggregation numbers increase with increasing the hydrophobicity of the surfactant.

There are two approaches describing the micelle formation: the pase separation model 

and the association-dissociation model (monomer-n-mer equilibrium model). The
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phase separation model describes the formation of a separate phase at the cmc, 

whereas the association-dissociation model considers micelles and unassociated 

monomers to be in an association-dissociation equilibrium and the law of mass action 

is applied. Micelles form and break up and monomers enter and leave the micelle very 

rapidly (Attwood and Florence, 1983).

The microenvironment within a micelle differs substantially from the surrounding water, 

thus micelles are capable of solubilizing drugs of limited water solubility by its 

incorporation into the lipophilic core (Fendler, 1982).

3.1.1.2 Solubilization

Drug solubilization can be described as “ the preparation of a thermodynamically stable 

isotropic solution of a substance normally insoluble or very slightly soluble in a given 

solvent by the introduction of an additional amphiphilic component or components ” 

(Attwood and Florence, 1983). The isotropic colloidal disperse (micellar) solution 

distinguishes from a molecular disperse solution, in which the surfactant is dissolved. 

The maximum additive concentration (MAC) is the saturation concentration of 

solubilizate for a given surfactant concentration. Various methods can be used in order 

to determine the MAC of such temperature sensitive colloidal solutions, including visual 

observation and spectrometric analysis of the solubilizate concentration after high 

speed centrifugation or filtration of the excess of solubilizate. The site of incorporation 

into the micelle varies depending on the polarity of the solubilizate. Non-polar 

substances are likely to be dissolved in the liquid hydrocarbon core, whereas semi- 

polar substances, e.g. fatty acids or alkanols, may be orientated radially. Polar 

substances are assumed to incorporate into the hydrophilic shell, i.e. polyoxyethylene 

palisade layer (Florence and Attwood, 1998).

3.1.1.3 Pharmaceutical aspects

The amphiphilic structure of surfactant molecules and the characteristic properties 

associated with it, i.e. surface tension reduction, adsorption onto solid surfaces and 

micellization, offers many opportunities for the formulation of pharmaceutical products. 

Hence, surfactants are an important component for the formulation and stabilization of 

disperse systems such as suspensions, emulsion and creams. Micellization and the
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associated solubilization offers one approach for the forrhulation of poorly soluble drugs 

in solution form (Attwood and Florence, 1983).

3.1.2 Surfactants in non-aqueous media

Molecular association is not limited to aqueous solutions, it also occurs in non-aqueous 

solvents (Eike, 1977; Kertes, 1977; Ruckenstein and Nagarajan, 1980). However, the 

characterization of aggregation behaviour in apolar solvents is only limited. It is 

suggested that ionic as well as non-ionic surfactants undergo self-association 

processes in non-aqueous solvents. The structure of non-aqueous solvents, however, 

is not changed to such an extent as described for water in the presence of an 

amphiphilic molecule. Hence, surfactant aggregation is much less entropy-driven and 

predominately enthalpy controlled as a consequence of energy changes due to dipole- 

dipole interactions, ion pair interactions, and possible hydrogen bonding between the 

polar head groups of the amphiphiles. Hence, the driving force of self-association is 

quite different from those in aqueous systems, where entropie effects and hydrophobic 

interactions induce surfactant aggregation (Kertes, 1977; Fendler, 1982). In non- 

aqueous apolar solvents, the polar head groups form the core of the inverse surfactant 

aggregate and the hydrocarbon chains are directed towards the bulk solvent (L2- 

surfactant orientation).

As the nature of the solvent and in particular the dielectric constant influences 

surfactant aggregation behaviour in organic solvents, there have been two attempts to 

classify the self-association process. With respect to ionic surfactants, Muller (1978) 

distinguishes between stepwise association and an aggregation behaviour reminiscent 

of micellization in aqueous solvents, i.e exhibiting a cmc. A stepwise association, so 

called type I association, is characterized by (1) small average aggregation numbers,

(2) not exhibiting a well defined cmc, (3) progressively increase of aggregation 

numbers without reaching a limiting constant value and (4) a stepwise sequential 

multiple-equilibrium model, i.e. reorganisation of small preaggregates to spherical 

aggregates at higher concentrations (Christen and Eike, 1974; Eike et al., 1975; Eike, 

1977). Type I surfactant association in apolar media is likely to occur in solvents with 

relatively high dielectric constants or if the sum of the radii of ionic head groups is 

large. On the other hand, if both of these parameters are small, surfactants associate in 

a micellization-like manner, so called type II association. This is characterized by (1) a
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moderately defined cmc, (2 ) relatively large aggregation numbers which reach a 

constant value at higher surfactant concentrations and (3) aggregation can be 

described as a monomer-n-mer model for micellization as in water rather than by a 

stepwise aggregation model. Ray (1971), on the other hand, investigated polar organic 

solvents of various dielectric constants for their ability to support micelle formation from 

non-ionic surfactants. He suggested that micelle formation is crucial to solvophobic 

effects, i.e. solvent structuring around the solvophobic moiety. Solvophobic interactions 

could be found in some organic solvents such as for instance formamide, glycerol, 

ethyleneglycol, 1,3-propandiol and ethylenediamine, whereas in other solvents such as 

n-methylformamide, methanol and ethanol, there was no evidence of solvophobic 

interactions. However, micellization occurred only in those solvents where solvophobic 

effects were evident. As for aqueous systems, micellization in such non-aqueous polar 

solvents is assumed to be induced by the positive entropie change in the system when 

the solvophobic moiety is removed from the bulk solvent. One noticeable feature of all 

micelle forming solvents is that the molecules of these solvents have two or more 

potential hydrogen bonding centres, therefore they are more likely to be capable of 

forming hydrogen bonded network structures around the solvophobic moiety.

In summary, surfactant aggregation behaviour in non-aqueous solvents is strongly 

dependent on the nature of the solvent, which can be classified into three categories 

(Attwood and Florence, 1983):

(1) Typical hydrocarbon solvents, e.g. benzene, in which inverted aggregates are 

formed (type I or type II association behaviour).

(2) Solvents, which have two or more hydrogen bonding centres and in which 

solvophobic interactions are possible, e.g. formamide. Micelle formation is thought to 

be similar to aqueous systems.

(3) Solvents that have only a single hydrogen bonding centre and therefore do not 

support micelle formation, e.g. ethanol.

3.1.2.1 Surfactants in CFCs and HFAs

Figure 1.1.11 shows the chemical structure of common CFC and HFA propellants. 

Related physical properties, which have widely been reported (Byron et al., 1994; 

Blondino and Byron, 1998; Vervaet and Byron, 1999), are listed in Table 1.1.5. Dipole 

moments, dielectric constants, polarizabilities and boiling points are an indication of the 

polarity of a compound and reflect the extent of intermolecular attractive forces. This is
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because intermolecular attraction originates from, in decreasing order of strength, 

“ionic”, “dipole - dipole”, “dipole induced - dipole” and “induced dipole - induced dipole” 

(London forces) interaction. Molecules of low polarity are only capable of relatively 

weak London forces, therefore resulting in low boiling points. CFCs are compounds of 

low polarity, which is reflected in their low dipole moments, low dielectric constants, low 

polarizabilities and low boiling points. On the other hand, the strong electron- 

withdrawing effect of the fluorine atom leaving a positive charge on the two hydrogens 

in HFA-134a and on the single hydrogen in HFA-227ea, results in a relatively polar 

character of HFA propellants compared to CFCs. This is also reflected in their higher 

dipole moments and dielectric constants. However, polarizabilities are much lower than 

for CFCs. This is a consequence of the strong electronegativity of the fluorine atom 

making it difficult to polarize (Byron et al., 1994). A decrease in polarizability is 

associated with a limited dispersive interaction, hence with decreased intermolecular 

attraction. Furthermore, free rotation of HFA molecules in the liquid state enables 

strong electronegative repulsion between the large electronegative fluorine mantle in 

HFA molecules. Thus, other than for CFCs, low boiling points of HFA propellants are a 

result of limited intermolecular forces and strong repulsive forces rather than caused by 

low polarity (Byron et al., 1994).

As for hydrocarbon solvents, reverse micellization is reported in CFC propellants 

(Evans et al., 1988; Evans et al., 1989; Evans et al., 1990; Evans et al., 1991). Reverse 

micelles have been used to promote solubility of polar substances in CFCs (Evans et 

al., 1989; Evans et al., 1991; Warren and Farr, 1995). Evans et al. (1991) dissolved 

hydrophilic compounds in CFC systems using lecithin to form reverse micelles. Warren 

and Farr (1995), on the other hand, solubilized polar compounds, i.e. salbutamol and 

triamcinolone acetonide, in CFC propellant containing soya phosphatidylcholine 

reverse micelles. Malik et al. (1999) investigated the micelle structure of lecithin 

surfactants in CFC and their adsorption behaviour on salbutamol sulphate. So far, it is 

assumed that surfactants in HFAs are capable of forming reverse aggregates of L2- 

configuration, that is the hydrophobic part interacting with the bulk HFA and forming the 

outer shell of the aggregate. Physicochemical properties of the HFA, however, do not 

support this assumption and solubility studies gave evidence that hydrophilic 

compounds are more soluble than lipophilic compounds in HFAs (Blondino and Byron, 

1998; Dickinson et al., 2000). Furthermore, the low polarizability of HFAs resulting in a 

limited ability to undergo dispersive (hydrophobic) interactions, suggests that 

surfactants may adopt a Li-configuration with the hydrophilic part orientated into the
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bulk HFA. As discussed in 3.1.2, micellization in apolar solvents is strongly dependent 

on the chemical nature of the solvent. The fact that HFA-134a and HFA-227ea are 

relatively polar compounds consisting of at least one hydrogen-bonding centre, 

theoretically capable of intermolecular H-F bonding, may suggest an entropie induced 

micellization process. However, strong repulsive forces and the limited intermolecular 

attraction opposes a micellization process similar to that in aqueous systems. Thus, 

even if HFAs are solvents with polar character, it is not clear whether 

micellization/aggregation occurs.

There is evidence of improved pMDI performance from solution phase pMDI systems 

compared to pMDIs containing suspended microparticles (Ashworth et al., 1991; 

Warren and Farr, 1995). Micellization offers an opportunity for the formulation of 

isotropic solution phase pMDIs of HFA-insoluble drugs as an alternative to suspension 

formulations. Thus, the knowledge about whether surfactants are capable of 

micellization/aggregation in HFAs as well as the surfactant orientation in surfactant 

aggregates in HFAs is crucial for the rational development of HFA pMDIs.

3.1.3 Techniques for the investigation of surfactant behaviour in HFAs

3.1.3.1 Surfactant aggregation behaviour

Common techniques for the investigation of surfactant aggregation and in particular for 

the determination of cmcs include surface tension measurements, conductivity 

measurements, light scattering and solubilization techniques. As apolar solutions have 

little surface activity and aggregates are in general not ionized, it is not possible to use 

two of the most commonly used methods in apolar media, i.e surface tension and 

conductivity measurements. Furthermore, small aggregates are usually formed which 

results in low light scattering intensities so that this technique is not sufficiently 

sensitive (Schick, 1987). Solubilization techniques have been used for the 

determination of surfactant aggregation in apolar media. Nonionic surfactants are 

sufficient solubilizers for iodine. It is assumed that iodine forms a complex with the 

polyoxyethylene chain of the nonionic surfactant, which results in a colour change of 

iodine that is evident in an absorbance shift in its UV spectrum (Allawala and 

Riegelmann, 1953; Hugo and Newton, 1963). A complex between iodine and micelles 

of nonionic surfactants could be shown in both aqueous and non aqueous media (Ross 

and Baldwin, 1966). Ross and Baldwin (1966) suggested a tri-iodide ion to be the
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ligand of the complex and that the site of interaction between the tri-iodide and the 

micelle is at the boundary between the hydrophobe and the hydrophile region of the 

aggregate. Upon micellization, a transition of the iodine absorbance maximum to a 

shorter wavelength at ~360 nm is observed in aqueous and non-aqueous solutions. 

This interaction, which does not occur with single unassociated molecules, has been 

used to determine the critical micelle concentration in aqueous and in non-aqueous 

solutions (Ross and Oliver, 1959). Iodine solubilization is a commonly used technique 

for the investigation of nonionic surfactant aggregation behaviour (Evans et al., 1988; 

Evans et al., 1989; Evans et al., 1990; Sulthana et al., 1996; Gaisford et al., 1997; 

Gaisford et al., 1998; Sommerville et al., 2000).

3.1.3.2 Surfactant orientation

Among other techniques, e.g. electron spin resonance (ESR) and Ti-relaxation Nuclear 

Magnetic Resonance (NMR), fluorescence techniques are the most commonly used 

techniques for the characterization of the structure of organized surfactant and polymer 

assemblies in solution and membranes (Wehry, 1976; Attwood and Florence, 1983; 

Winnik et al., 1990; Binks, 1999; da Graca Miguel, 2001). The underlying principle in 

using these techniques is that the spectral response of either the fluorescent probe or 

the paramagnetic species are highly environment dependent and as such they provide 

information for the characterization of the microenvironment in which they reside. In 

this work, the focus will be directed towards fluorescence techniques used for the 

characterization of surfactant systems.

Upon electronic excitation of a molecule from the ground state So by the absorption of 

energy, e.g. light, two types of exited electronic states arise from the electronic orbital 

configuration: states with paired spins (8 ), referred to as singlet states and those with 

unpaired spins (T), referred to as triplet states. Si and Ti denotes the lowest energy 

levels of the corresponding excited states. An electronically excited molecule can now 

lose its energy by emission of radiation (luminescence) through the following ways 

(Binks, 1999):

Fluorescence: radiative emission process occurring from the Si to the ground state So 

Phosphorescence: radiative emission process occurring from Ti to the ground state

So

Excimer fluorescence: radiative emission process occurring as a decomposition of an 

excimer. Excimers are dimers formed between an excited molecule (Si) and one
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molecule in the ground state (So). Excimer fluorescence can be seen in the emission 

spectrum as a broad structureless band, which is red shifted (i.e. to the higher 

wavelength) with respect to the “normal” fluorescence of the molecule (Winnik et al., 

1990; Binks, 1999).

In addition, energy can also be lost by radiationless processes such as internal 

conversion and non-radiative energy transfer. Bimolecular processes which decreases 

emission intensity or increases the emission decay rate, e.g. excimer formation or 

energy transfer processes, are generally referred to as quenching processes (Winnik et 

al., 1990; Binks, 1999). The responses measured in fluorescence studies include 

spectral distribution, emission yields, lifetimes and emission polarization and the 

changes in them as a result of processes such as quenching and energy transfer. 

These changes are sensitive to changes in the microenvironment of the probe, thus 

changes in the microenvironment of the fluorescent probe will be evident in changes in 

its fluorescence properties. Therefore, fluorescence spectroscopic investigations can 

provide information about the micropolarity, microviscosity and proximity of fluorescent 

probes which can be used for the characterization of the micellar microenvironment as 

well as for the determination of aggregate sizes and numbers (Wehry, 1976; Pellegrino 

et al., 1977; Roelants and Schryver, 1987; Winnik et al., 1990; Kawaguchi et al., 1994; 

Szajdzinska-Pietek et al., 1998; da Graca Miguel, 2001). For the investigation of the 

surfactant orientation in surfactant assemblies, two features can be taken into account: 

the change of the micropolarity and microviscosity in the aggregate core upon 

aggregation. Most suitable for the study of micellar systems are polycyclic aromatic 

hydrocarbons such as pyrene as they are less likely to perturb the microenvironment 

and micellar properties than for example large ionic probes such as 

arylaminonaphthalene sulfonates (Wehry, 1976; Binks, 1999). Since the fluorescence 

decay time is sensitive to polarity changes in the microenvironment of the probe, 

lifetime measurement can be used in order to determine polarity changes upon 

surfactant aggregation (Pellegrino et al., 1977; Roelants and Schryver, 1987). 

However, symmetrical aromatic molecules such as pyrene (Figure 3.1.3), show marked 

solvent dependence in the fine structure of their emission spectra (Binks, 1999) (Figure 

3.1.4). Pyrene shows five bands in its emission spectrum which are considered to 

correspond to the transition of pi-electrons from the excited state to various vibrational 

modes of the ground state. The ratio of the fluorescence intensity of the first to the third 

peak shows great polarity sensitivity, where peak III shows minimal intensity variation 

with polarity and peak I shows significant intensity enhancements in polar solvents. 

Kalyanasundaram and Thomas (1977) examined the variation in the vibronic bands of
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the pyrene spectrum in a number of solvents and suggested an interaction of the 

solvent dipole with the excited singlet state of pyrene rather than an universal 

interaction due to the collective influence of the solvent as a dielectric medium (Ham 

effect) (Nakajima, 1971). The ratio of the fluorescence intensity of the first band (h) to 

the intensity of the third (I3 ), I 1 / I3 , increases with the increase of the solvent polarity and 

thus can be used as a measure for solvent polarity in the microenvironment of pyrene 

(Kalyanasundaram and Thomas, 1977). The polarity sensitivity of pyrene has been 

exploited by several workers for the investigation and characterization of micellar 

systems (Kawaguchi et al., 1994; Nivaggioli et al., 1995a).

Figure 3.1.3 Chemical structure o f pyrene

Fluorescence Intensity (arbitrary units) Fluorescence Intensity (arbitrary units)

IV. V

Increasing polarity 
(I I I/I decreases)

350 450 450350

X(nm ) X(nm)

Figure 3.1.4 Schematic diagram o f solvent polarity effect on pyrene fluorescence 

emission spectrum (Binks, 1999)
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The fluidity of a probe molecule incorporated into a micelle can be substantially 

different from that in the bulk solvent. Thus, changes in the microviscosity of a 

fluorescence probe upon incorporation into a micelle is a useful measure to determine 

surfactant aggregation. The concept of using fluorescence probes to determine the 

effective microviscosity of a microenvironment such as in the micelle or aggregate core 

is based on the measurements of fluorescence properties that depend on the mobility 

of the probe in that environment. A commonly used method in this regard is the 

measurement of intramolecular excimer formation of bichromophoric probes 

(Zachariasse and Kühnie, 1976; Zachariasse, 1978). The extent of the excimer 

formation depends on conformational changes and thus on molecular motion of the 

fluorescence probe. Low microviscosities enhance molecular motion, resulting in high 

excimer emission intensity ( I e )  and low monomer emission intensity ( I m ) ,  whereas high 

microviscosity decreases Ie and increases Im- Thus, Im/Ie ratios are a measure of the 

microviscosity of a fluorescence probe and can be taken to investigate micellar 

systems (Zachariasse, 1978; Winnik et al., 1991; Nivaggioli et al., 1995b; Szajdzinska- 

Pietek et al., 1998; Binks, 1999; Zana, 1999; Zhou et al., 2000). The investigation of 

bimolecular excimer formation from single-chromophoric molecules may lead to an 

overestimation of the monomer emission intensities by singly occupied micelles. 

Therefore, diarylalkanes, such as 1,1 -dipyrenylmethyl-ether (dipyme) or 1,3-(1- 

dipyrenyl)propane (P3P), which are able to form intramolecular excimers are preferably 

used for the investigation of micellar systems (Zachariasse, 1978). However, 

Zachariasse and Kühnie (1976) investigated the influence of the alkane chain length in 

diarylalkane molecules on the extent of intramolecular excimer formation and they 

could show the strongest excimer emission for n=3, i.e. 1,3-(1-dipyrenyl)propane. A 

schematic illustration of the intramolecular excimer formation of 1,3-(1- 

dipyrenyl)propane is shown in Figure 3.1.5 and a typical fluorescence emission 

spectrum is presented in Figure 3.1.6.
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1,3-bis-(1-pyrenyl)propane
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Figure 3.1.5 Schematic illustration o f intramolecular excimer formation o f 1,3-( 1- 

dipyrenyl)propane
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Figure 3.1.6 1,3-(1 -dipyrenyl)propane fluorescence emission spectrum in hexane 

showing a monomer fluorescence emission between 370 and 400 nm. The excimer 

emission is red shifted towards 500 nm.

3.2 Materials

Iodine, pyrene, Brij 30, Brij 97 and Polyoxyethylene (10) laurylether were purchased 

from Sigma-Aldrich (Steinheim, Germany); Pluronic L-44 was a generous gift from 

BASF Coporation (New Jersey, USA); the propellants Solkane®134a pharma and 

Solkane® 227ea pharma were supplied by Solvay Fluor und Derivate GmbH 

(Hannover, Germany). The liquid model propellant was purchased from Apollo 

Scientific Ltd. (Derbyshire, UK); the fluorescence probe 1,3-(1-dipyrenyl)propane was 

obtained from Molecular Probes (Oregon, USA) and hexane was supplied by BDH 

Laboratory Supplies (Poole, UK).
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3.3 Methods

3.3.1 Iodine solubilization

An iodine solubilization method was used to investigate surfactant aggregation 

behaviour in HFAs (Ross and Oliver, 1959; Ross and Baldwin, 1966). Blondino and 

Byron (1998) previously used a modified method to determine by visual observation the 

potential of surfactants to solubilize iodine in HFAs. However, the use of the liquid 

model propellant DFP allows the use of spectrometric analysis and therefore a more 

precise determination of the surfactant aggregation behaviour. A 10^ molar iodine 

stock solution in DFP (solution A) was prepared as well as a surfactant stock solution 

(solution B) by dissolving surfactant in solution A. By diluting solution B with solution A, 

solutions of different surfactant concentration in a constant iodine concentration could 

be obtained. As upon surfactant aggregation, a transition from the iodine absorbance 

maximum at 520 nm in DFP to 355 nm of the solubilized iodine is expected, the 

absorbance at 355 nm of the solutions was measured 20 minutes after preparation 

using a Cary 3E varian UVA/IS-Spectrometer. The readings should be taken within an 

hour of the preparation of the solutions because of slow fading of the colour of the 

iodine-micelle complex (Ross and Oliver, 1959). The experiment was done in triplicate. 

Solution A was used as standard for 0% absorbance.

3.3.2 Fluorescence spectroscopy

Fluorescence spectroscopic investigations of surfactant orientation in aggregates were 

carried out using a micropolarity sensitive (pyrene) and a microviscosity sensitive (1,3- 

(l-dipyrenyl)propane) fluorescence probe. The aim was to assess polarity and viscosity 

changes in the microenvironment of these lipophilic probes upon their incorporation 

into surfactant aggregates. Since these probes are very lipophilic molecules, 

incorporation into surfactant aggregates with subsequent changes of the polarity and 

viscosity in the microenvironment of these probes is only expected for a Li-orientation, 

where the hydrophobic moiety orientates towards the centre of the aggregate and the 

hydrophilic moiety towards the bulk solvent. A decreased polarity upon incorporation 

into a Li surfactant aggregate is evident in a decreased I1/I3 emission intensity ratio in 

the pyrene spectra (corresponding wavelength for h and I3 was 371.5 nm and for 382.5 

nm, respectively). A viscosity increase, on the other hand, results in decreased excimer 

emission intensity (Ie: 485 nm) and increased monomer emission intensity (Im: 376-395
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nm), and hence in an increased Im/Ie emission ratio in the 1,3-(1-dipyrenyl)propane 

spectrum. The corresponding wavelength for Im was the first band at 376 nm. The 

fluorescence spectroscopic investigations on surfactant orientation were carried out in 

the model propellant (DFP) as well as in HFA-134a and HFA-227ea. For the 

investigations in the model propellant, 1% (w/w) Brij 97 and Polyoxythylene(iO)- 

laurylether (POE10-C12) solutions in DFP were prepared. An appropriate amount of 

fluorescent probe stock solution in tetrahydrofuran was added to the surfactant solution 

to achieve a concentration of 1 pM. The volume of the stock solution did not exceed 

0.5% of the volume of the solution in order to avoid effects on the microenvironment 

(Zana, 1999). The solutions were sonicated for 30 seconds and then kept for 3 days 

protected from light to allow probe solubilization. Fluorescence emission intensities 

were measured using a Perkin-Elmer LS50-B fluorescence spectrometer and a 

fluorescence cell with 1 cm pathlength. 1,3-(1-dipyrenyl)propane was excited at 346 nm 

and pyrene at 330 nm. Excitation and emission slit widths were 5 nm and 2.5 nm, 

respectively. Accordingly, investigations on the surfactant orientation in the actual 

propellants were carried out. For the preparation of 1 % surfactant solutions containing 

3 pM fluorescent probe, the required amount of surfactant and probe stock solution 

were filled into a plastic-coated glass bottle (Wheaton, USA), a continuous spray valve 

was then crimped (manual bottle crimper, model 3000-B, Aero-Tech Laboratory 

Equipment Company, Maryland, USA) onto the bottle and the required volume of 

propellant filled through the valve using a pressure burette (Aero-Tech Laboratory 

Equipment Company, Maryland, USA). After sonication for 30 seconds, the solutions 

were kept for 3 days protected from light and then transferred into a fluorescence 

pressure cell (Hellma quartz Suprasil Cell®, Germany) with a pathlength of 0.3 cm. The 

smaller pathlength required an increased probe concentration of 3 pM in the propellant 

solution in order to obtain sufficient fluorescence emission. The propellant was 

transferred through the continuous valve into an inline check valve (Upchurch 

Scientific, USA) that was connected with a polymer tubing (inlet) to the pressure cell. 

The propellant solution could be released through a micro metering valve (Upchurch 

Scientific, USA) that was connected to the outlet line of the cell (Figure 3.3.1).
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Figure 3.3.1 Fluorescence pressure cell connected to a Wheaton plastic coated glass 

bottle

3.4 Results

3.4.1 iodine solubilization

Brij 30 and Pluronic L-44 NF were used to assess surfactant aggregation behaviour in 

DFP. The addition of iodine to both surfactant solutions resulted in a colour change of 

iodine from violet to yellow with an absorbance maximum at 355 nm. In Figure 3.4.1, 

the log molar surfactant concentration in DFP is plotted against the absorbance at 355 

nm, hence it shows the extent of aggregation with the increase of surfactant 

concentration. In both surfactant solutions an absorbance increase with increasing the 

surfactant concentration is observed. The absorbance increase starts at very low 

concentrations (3-10 ® molar) and increases slowly at low surfactant concentrations. At 

molar surfactant concentrations of 2-1 O'* and 8-10'^, for Brij 30 and L-44 in DFP, 

respectively, a transition to a steeper absorbance increase can be observed. However, 

in both surfactant solutions there is no abrupt absorbance increase in contrast to that 

typically seen in aqueous solutions.
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Figure 3.4.1 Log molar surfactant concentration versus iodine absorbance at 355 nm

3.4.2 Fluorescence spectroscopy

Figure 3.4.2 and 3.4.3 show changes in the P3P and pyrene spectra, respectively, 

upon successful incorporation into a Li surfactant aggregate in water. The 

incorporation into the lipophilic and confined micelle interior is evident in an increased 

Im/Ie ratio in the emission spectra of P3P (Figure 3.4.2) as well as in a decreased I1/I3 

ratio in the emission spectrum of pyrene (Figure 3.4.3).
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Figure 3.4.2 1,3-(1 -dipyrenyl)propane spectrum in water (red line) and with addition of 

Brij 30 (black line).
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Figure 3.4.3 Pyrene spectrum in water (red line) and with addition of Brij 30 (black 

line)
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I m / I e  ratios and I1/I3 ratios in HFAs with and without the addition of Brij 97 and POE10- 

C12 are listed in Table 3.4.1 and Table 3.4.2. Unpaired, two-sided t-tests were carried 

out in order to determine significant changes in the spectra of the two 

microenvironment sensitive fluorescence probes with the addition of surfactant. Figure

3.4.4 - Figure 3.4.10 show comparisons of P3P and pyrene spectra in pure HFAs with 

spectra after the addition of surfactant.

I m / I e  ratios of HFA-134a, HFA-227ea and DFP are 0.76, 0.50 and 1.53, respectively. 

With addition of either Brij 97 or POE 10-C12, Im/Ie values increase to above 2.0 in all 

three HFAs. P-values with a confidence level of 95% confirm significant viscosity 

changes in the microenvironment of P3P with the addition of surfactant in all three 

HFAs.

The means of the I1/I3 ratios in the pyrene spectra of HFA-134a, HFA-227ea and DFP 

are 1.33, 1.34 and 1.21, respectively. The addition of Brij 97 and POE10-C12 to HFA- 

134a and HFA-227ea does not have any significant influence on the micropolarity of 

pyrene as I1 /I3  ratios are not significantly reduced. The addition of Brij 97 and POE10- 

C12 to DFP, however, results in a significant reduction of the I1 /I3  ratio from 1.21 to 

1.10 and 1.14, respectively (Figure 3.4.9 and Figure 3.4.10).
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sample
Im/Ie ratio 

mean (±SD)

p-value (t-test) 

(a: 0.05)

P3P in HFA-134a 0.72 (0.076)

Br!j97/HFA-134a 2.53 (0.219) 0.0000688

POE10-C12in HFA-134a 2.39 (0.26) 0.000273

P3P in HFA-227 0.5 (0.127)

Brij 97 / HFA-227ea 2.84 (0.108) 0.0000373

POE10-C12/HFA-227ea 2.0 (0.037) 0.0000875

P3P in DFP 1.53 (0.091)

Brij 97 / DFP 2.21 (0.131) 0.000144

POE 10-C12/DFP 2 . 1 2  (0 .1 0 2 ) 0.000137

Table 3.4.1 Im/Ie values o f 1,3-(1-dipyrenyl)propane (PSP) spectra with and without 

addition o f surfactant in HFAs. P-vaiues were calculated with respect to the standard 

ratio o f PSP in the respective solvent (n=S).
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sample
I1/I3 ratio 

mean (± SD)

p-value (t-test) 

(a: 0.05)

Pyrene in HFA-134a 1.33 (0.022)

Brij97/HFA-134a 1.23 (0.087) 0.180

POE 10-C12 in HFA-134a 1.20 (0.122) 0.232

Pyrene in HFA-227 1.34 (0.021)

Brij 97 / HFA-227ea 1.23 (0.084) 0.128

POE 1 0 -0 1 2 /HFA-227ea 1.29 (0.038) 0.141

Pyrene in DFP 1.21 (0.033)

Brij 97 / DFP 1.1 (0.030) 0.0013

POE 10-012/DFP 1.14 (0.034) 0.0329

Table 3.4.2 I1/I3 ratios o f pyrene spectre with and without addition o f surfactant in 

HFAs. P-values were calculated with respect to the standard value o f pyrene in the 

respective solvent (n=3).
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3.5 Discussion

3.5.1 Iodine solubilization

As already discussed in 3.1, the ability and spontaneity of surfactant aggregation is 

strongly dependent on the nature of the solvent. A schematic illustration of solvent 

categorization with the expected surfactant association behaviour is given in Figure 

3.5.1.

non-aqueous apolar solvent 
(e.g benzene or cyctohexane)

solvents

non-aqueous polar solvents 
(e.g. ethanol, formamide)

stepwise association (type I) no solvophobic interaction 
or cmc (type II) (e.g. ethanol)

I
no surfactant association

solvophobic interaction 
(e.g. formamide)

I
more or less well-defined cmc

aqueous solvents

cmc

Figure 3.5.1 Schematic illustration of surfactant association behaviour in different 

solvents
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The spontaneity of micellization is dependent on the negative free energy gain due to 

entropy and enthalpy changes associated with surfactant association. In water, 

micellization is an endothermie process driven by the entropy gain when removing the 

hydrophobic moiety from the aqueous solvent (hydrophobic effect). As a result, large 

micelles are spontaneously formed in aqueous systems, which provide a sufficient 

shielding of the hydrophobic moiety from the bulk water (Ruckenstein and Nagarajan, 

1980). In non-aqueous solvents, on the other hand, surfactant aggregation is generally 

an exothermic process due to the dipole-dipole interaction between the hydrophilic 

moieties. Nevertheless, as entropy effects are less dominant compared to aqueous 

solvents, the free energy of surfactant association typically becomes less negative, 

thus surfactant association becomes less spontaneous in non-aqueous solvents than in 

aqueous solvents.

The aggregation behaviour of surfactants in apolar media has been investigated by 

several researchers (Kon-No et al., 1974; Christen and Eike, 1974; Lo et al., 1975; Eike 

et al., 1975; Muller, 1978; Ruckenstein and Nagarajan, 1980). Depending on the nature 

of the solvent, it is known that surfactants form premicellar aggregates (preaggregates 

or subunits) prior to spherical micelles in apolar media (Christen and Eike, 1974; Eike 

et al., 1975). The evidence is based on changes in free energy (AG) as a function of 

the aggregation number (n). Christen and Eicke (1974) have shown that a maximum of 

free energy change is evident at n=3, whereas a minimum could be found at n=16 for 

several surfactants in apolar solvents. They suggested that a potential barrier of free 

energy needs to be overcome by surfactant molecules in order to build up a micelle. 

The ability of a surfactant solution to form such preaggregates is therefore strongly 

dependent on the free energy state of the system. Since the structure of non-aqueous 

solvents is not changed to such an extent as described for water in the presence of an 

amphiphilic molecule and dipole-dipole interactions between the polar head groups 

constitutes the attractive force for aggregation, the formation of small preaggregates is 

thermodynamically favourable (Ruckenstein and Nagarajan, 1980). In water, on the 

other hand, the formation of small aggregates is thermodynamically unfavourable, thus 

preaggregation is not likely to occur below the cmc. At the cmc, however, a sharp 

monomer to micelle transition occurs. In apolar solvents, the formation of 

preaggregates that are reorganized into micelles at higher surfactant concentrations is 

evident in a gradual change of physical, colligative and spectral properties as the 

surfactant concentration increases. However, the steepness of the transition from the 

preaggregated state to the micellar state depends mainly on the strength of the
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intermolecular interaction of the solvophobic surfactant moieties as well as on the 

ability of the solvent to undergo solvophobic effects resulting in a contribution to the 

negative free energy of aggregation (AG) (Ray, 1971; Ruckenstein and Nagarajan, 

1980). As already mentioned in 3.1.2, Muller (1978) distinguishes between two types of 

aggregation behaviour in apolar solvents depending on the sharpness of the transition: 

a sequential stepwise aggregation (type I) and an aggregation behaviour exhibiting a 

rather sharp cmc (type II).

Much research has been carried out into the micellization of nonionic surfactants, 

including POE-PPO-POE block copolymers, in non-aqueous polar solvents such as 

formamide, N-methylformamide and ethylene glycol (McDonald, 1970; Ray, 1971; Ray 

and Nemethy, 1971; Zhou and Chu, 1987; Jonstromeret al., 1990; Alexandridis, 1998; 

Alexandridis and Yang, 2000). As previously mentioned, in non-aqueous polar solvents 

that do not exhibit solvophobic effects, i.e. molecule structuring, an entropy gain is not 

accompanied by surfactant association and therefore surfactant association is 

thermodynamically not favoured (Ray, 1971; Ray and Nemethy, 1971). However, in 

non-aqueous solvents that are capable of intermolecular structuring resulting in 

solvphobic effects, e.g. formamide, micellization of non-ionic conventional surfactants 

as well as of block copolymer surfactants is evident (McDonald, 1970; Ray, 1971; Ray 

and Nemethy, 1971; Jonstromer et al., 1990; Alexandridis, 1998; Alexandridis and 

Yang, 2000). In such solvents, the enthalpy of micelle formation becomes more 

negative, and the corresponding entropy becomes less positive compared to aqueous 

systems. The lower entropy gain in the micellization process may be explained firstly 

by the fact that non-aqueous polar solvents may undergo weaker intermolecular 

interactions and secondly by the fact that other than in water, a complete desolvation of 

the solvophibic moiety may not occur, thus the hydrocarbon chain may carry some 

solvent molecules into the micelle core (McDonald, 1970).

DFP can be considered as a relatively polar non-aqueous solvent (e= 6 .8 ). However, 

there are considerable differences in the dielectric constant values compared to, for 

example, water with 78.5 and formamide with 109.5, in which Li micellization occurs 

(Ray, 1971). Furthermore, DFP consists of two hydrogen atoms in close 

neighbourhood to each other, which according to Ray (1971) would favour solvophobic 

effects, hence micellization. On the other hand, the strong electronegativity of the 

fluorine atoms in DFP, resulting in strong repulsive forces of the electronegative 

fluorine mantle around the molecule, may oppose intermolecular attraction and 

therefore an entropy-driven micellization process. The iodine solubilization experiment.
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however, shows an absorbance increase at 355 nm with increasing the concentration 

of both surfactants, i.e. Brij 30 and Pluronic L-44, thus surfactant aggregation is evident 

in both surfactant solutions (see Figure 3.4.1). Furthermore, the gradual absorbance 

increase in DFP suggests a gradual/stepwise surfactant aggregation as a result of 

lower negative free energy of surfactant aggregation compared to aqueous solvents. 

Although further detailed work is necessary in order to fully understand aggregation 

behaviour in DFP, the gradual absorbance increase in both surfactant solutions with 

increasing the surfactant concentration do show agreement with either a stepwise type 

I aggregation behaviour or the model proposed by Christen and Eicke (1974), i.e. a 

stepwise association of monomers into preaggregates prior to micelle formation. An 

operational cmc at 2 lO'"̂  M and 8  10'^ M for Brij 30 and L-44, respectively, was 

calculated by projecting the linear portions of the graphs, derived from linear regression 

of low and high concentration data points. The graph for L-44 shows three linear 

portions, which could be explained by further reorganization of the surfactant 

aggregates at higher concentration (0.0021 M). However, the transition from the 

premicellar state to the micellar state is sharper for Brij 30 than for Poloxamer L-44 in 

DFP. This may be a result of either lower intermolecular interactions between the 

solvophobic surfactant moieties or stronger interactions between L-44 and DFP than 

between Brij 30 molecules and DFP. Due to the structural and physical similarity 

between DFP and the two propellants, i.e. HFA-134a and HFA-227ea, a similar 

surfactant aggregation behaviour in the actual propellant is likely. Unlike HFA-134a and 

DFP consists HFA-227ea only of one hydrogen-atom, the close position of the two 

hydrogen atoms in DFP and HFA-134a, however, means that they may be considered 

as effectively having one hydrogen bonding centre.

In conclusion, a stepwise surfactant aggregation could be shown for Brij 30 and 

Pluronic L-44 in DFP and is also likely in HFA-134a and HFA-227ea.

3.5.2 Fluorescence spectroscopy

Addition of Brij 97 and POE10-C12 to all three HFAs (DFP, HFA-134a, HFA-227ea) in 

the presence of 1,3-(1 -dipyrenyl)propane results in a significantly increased monomer 

to excimer emission intensity ratio (Im/Ie)- An increased Im/Ie ratio indicates an increased 

viscosity in the microenvironment of the probe after surfactant addition, which gives 

evidence for the incorporation of the fluorescence probe into a constricted interior of a 

surfactant aggregate. Since 1,3-(1 -dipyrenyl)propane is a lipophilic molecule.
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incorporation is only likely to occur into a Li-orientated surfactant aggregate, where the 

lipophilic moiety of the surfactant is directed towards the aggregate core and the 

hydrophilic moiety towards the bulk solvent.

Except for DFP, there are no significant changes shown in the pyrene spectra after 

addition of either Brij 97 or POE10-C12 to the two HFA propellants. A significantly 

decreased micropolarity with addition of surfactant is only evident in the pyrene spectra 

in DFP. I1/I3 values of non-ionic surfactant micellar cores in water are reported to be 

between 1.17 and around 1.4, for Brij 35 and Triton X-100 for instance 

(Kalyanasundaram and Thomas, 1977; Kawaguchi et al., 1994; Alexandridis, 1995). 

I1/I3 ratios in the pyrene spectrum of HFA-134a and HFA-227ea, however, were found 

to be 1.33 and 1.34. Thus, I1 /I3  values in the two surfactant-free propellants are close to 

the expected value of the lipophilic aggregate core. A drastic polarity decrease upon 

incorporation into a aggregate core as for example in water, where I1/I3 is reported to 

be 1.85 (Kalyanasundaram and Thomas, 1977), is therefore not expected in HFAs. 

Furthermore, complete desolvation of the solvophobic moiety occurs in aqueous 

media, but it may not occur in HFAs. Thus, it may be possible that some solvent 

molecules are carried with the solvophobic moiety into the aggregate interior. In the 

case of a Li-surfactant orientation, this would result in a reduced polarity decrease in 

the microenvironment of pyrene upon incorporation. Hence, the use of pyrene for the 

determination of changes in the micropolarity upon incorporation into a Li orientated 

aggregate core did not prove to be an appropriate method, in particular for HFA-134a 

and HFA-227. Even if significant polarity changes are evident in DFP with addition of 

surfactant, the use of pyrene is more appropriate for aqueous systems in which more 

significant polarity changes are expected upon incorporation into a lipophilic micelle 

core. However, the microviscosity sensitive experiment shows P3P incorporation, and 

thus gives evidence of a Li-surfactant aggregate orientation in all three HFAs.

3.6 Conclusion

Investigations into the surfactant aggregation behaviour in DFP using an iodine 

solubilization method gave evidence of surfactant aggregation in DFP. The absence of 

a sharp cmc evident in the gradual increase of the absorbance at 355 nm, suggests a 

stepwise type I aggregation process in DFP. Due to the structural similarity between 

DFP and two HFA propellants, i.e. HFA-134a and HFA-227, a similar aggregation 

behaviour is likely in the two propellant systems.
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Microviscosity sensitive fluorescence spectroscopic investigations provide evidence for 

a Lrsurfactant orientation in HFA propellants. Thus, the surfactant orientation proved 

to be different from that in CPC propellants, where a reverse surfactant (L2) orientation 

has been reported. Therefore, the higher polarity of HFA propellants compared to CFC 

propellants not only has an impact on the solvent properties, but also on the surfactant 

orientation, which makes reformulation of the existing CFC pMDIs necessary.
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4 Lipophilic Nanoparticles: Formulation, 

Characterization and Dispersion in HFA 

Propellant
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4.1 Introduction

As already stressed in the General Introduction of this thesis, the formulation of 

nanoparticle suspension HFA pMDIs is a promising approach to improve pulmonary 

drug deposition. In this chapter, approaches for the rational formulation of lipophilic 

drug nanoparticles for dispersion in HFA propellants are described. Nanoparticles that 

could be generated by an emulsion homogenization method will be characterized with 

respect to their size, composition, physical state, and dispersion properties in HFA 

propellant.

The introduction to this chapter will review nanoparticle formulation techniques and 

their application in pharmaceutical products. Furthermore, limitations for the choice of 

surfactants used for the nanoparticle formulation and stabilization for pulmonary 

delivery will be discussed.

4.1.1 Nanoparticles

Nanoparticles can be defined as submicronic (< 1 pm) colloidal systems typically made 

of polymers. Polymeric nanoparticles can be drug-loaded and depending on the 

method of preparation nanospheres or nanocapsules are obtained. Nanocapsules are 

systems in which the drug is confined in a core surrounded by a polymeric membrane; 

nanospheres are matrix systems in which the drug is dispersed throughout the particles 

(Couvreur et al., 1995; Florence and Attwood, 1998). Drug-loaded polymeric 

nanoparticles represent in pharmaceutical research an alternative colloidal carrier 

system to liposomes, niosomes and microemulsions. Among these, liposomes are the 

most developed and characterized biocompatible carrier systems, even though their 

development and commercialization is limited due to problems such as rapid drug 

leakage across the phospholipid bilayers, in vivo instability, unreliable reproducibility 

and difficult large scale-up manufacture (Gregoriadis, 1988). With the aim of 

overcoming these problems, the production of polymeric nanoparticles has been 

investigated since the late seventies.
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4.1.1.1 General applications in pharmaceutical products

Nanoparticles have been used to improve drug dissolution of poorly soluble drugs. As 

drug solubility and dissolution rate depends on the drug particle surface area, reducing 

the particle size to less than 1 pm increases the surface area and therefore promotes 

drug dissolution (Buckton and Beezer, 1992; Müller and Peters, 1998). Moreover, the 

application of nanoparticles in pharmaceutical products has also been suggested for 

drug targeting, sustained release and for oral and ocular bioavailability improvement 

purposes (Gurny et al., 1981; Diepold et al., 1989; Allémann et al., 1993). One example 

for improved oral bioavailability is the oral delivery of polymeric coated peptide- and 

protein-nanoparticles, e.g. insulin (Damge et al., 1988). It is suggested that the polymer 

coating offers a protection against proteolytic enzymes and that they may be absorbed 

by the intestinal mucosa (Couvreur et al., 1995). Drug targeting is mainly achieved 

following intravenous administration and is in particular directed towards the efficiency 

improvement of cancer chemotherapy (Chiannilkulchai et al., 1989; Chiannilkulchai et 

al., 1990; Allémann et al., 1993; Couvreur et al., 1995) and the treatment of intracellular 

bacterial infections (Couvreur et al., 1979; Verdun et al., 1986; Rolland, 1988; Fourage 

et al., 1989; Couvreur et al., 1995).

4.1.2 Nanoparticle formulation methods

Various techniques have been used to manufacture nanoparticles, generally composed 

of drug and polymer. These include milling (Müller and Peters, 1998) and solvent 

based techniques. Milling techniques suffer from some disadvantages such as caking 

and changes in the particle morphology which results in physical instability (Eerikainen 

and Kauppinen, 2003). This introduction into nanoparticle formulation techniques will 

therefore focus on solvent based techniques. Early approaches in the preparation of 

polymeric nanoparticles required a polymerization reaction from dispersed monomers 

(Birrenbach and Speiser, 1976; Kreuter and Speiser, 1976; Kopf et al., 1977). 

However, most of the monomers suitable for the polymerization process led to non or 

slowly biodegradable polymers, i.e. polyacrylamide, poly(alkyl methacrylate) and 

poly(alkyl cyanoacrylate). In addition, the polymerization process needs a chemical or 

physical initiation and since residual molecules, monomers, oligomers, surfactants and 

chemical crosslinking agents can often be toxic, tedious purification of the produced 

nanoparticles is required. In order to avoid those problems, methods have been 

proposed using preformed biodegradable polymers such as poly(lactic acid), poly(U-
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hydroxybutyrate, poly(lactide-co-glycolide), and poly(£-caprolactone) (Allémann et al., 

1993; Quintanar-Guerrero et al., 1998). In general, nanoparticles are now formed by 

precipitation of such synthetic polymers or by dénaturation and/or solidification of 

natural molecules such as proteins (Scheffel et al., 1972; Kramer, 1974; Gallo et al., 

1984) or lipids (solid lipid nanoparticles) (Müller et al., 2000; Mehnert and Mader, 2001; 

Müller et al., 2002). The preparation techniques are either based on émulsification or 

on precipitation. The émulsification technique was first proposed by Vanderhoff et al. 

(1979). It involves mostly the preparation of an o/w emulsion containing drug and 

polymer, proteins or lipids in the dispersed phase and stabilizers such as surfactants or 

polymers dissolved in the continuous phase. The emulsion is then exposed to a high 

energy source such as ultrasound, homogenizers, colloid mills or microflu id izers to 

reduce the droplet size. Polymeric nanoparticle precipitation is then induced by either 

removal of the organic solvent by heat and/or reduced pressure or in the case of solid 

lipid nanoparticles the solidification process is induced by reducing the temperature 

below the melting point of the lipid. Thus, nanoparticles dispersed in an aqueous 

solution can be obtained. An alternative émulsification method is the so called 

emulsification-diffusion technique. It involves the use of a partially water-soluble solvent 

(e.g. benzyl alcohol, ethyl acetate) which has previously been saturated with water. 

Drug and polymer is dissolved in the water saturated phase and emulsified in an 

aqueous solution containing stabilizer. The subsequent addition of water to the system 

causes the solvent to diffuse into the external phase, resulting in the formation of 

nanoparticles. The organic solvent can then be eliminated by distillation (Quintanar- 

Guerrero et al., 1998). An alternative émulsification technique which avoids the use of 

large amounts of organic solvent (e.g. chlorinated solvents) is the so called salting-out 

technique (Ibrahim et al., 1992; Allémann et al., 1992). This method consists of adding 

under mechanical stirring an electrolyte-saturated (e.g. magnesium chloride or sodium 

chloride) or nonelectrolyte-saturated (e.g. sucrose) aqueous solution containing 

polymer as viscosity enhancing and stabilizing agent to an acetonic solution of polymer 

and drug to form an emulsion. The saturated aqueous solution prevents acetone from 

mixing with water. After the preparation of an o/w emulsion, the formation of 

nanoparticles is induced by the addition of water that allows complete diffusion of 

acetone into the aqueous phase. The use of salts, however, requires intensive 

purification. Another approach for the formation of nanoparticles is based on 

precipitation without prior émulsification. This solvent displacement technique was first 

described by Fessi et al. (1989). In this technique, the polymer and drug is dissolved in 

a water miscible solvent, e.g. acetone or ethyl acetate, and subsequently poured under
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stirring or sonication into a non-solvent of the polymer and drug (usually water 

containing surfactant) resulting in the precipitation of nanospheres (Allémann et al., 

1993).

4.1.2.1 Formulation of lipophilic nanoparticles for the dispersion in HFA 

propellants

The aim of this present study is the formulation of lipophilic drug nanoparticles for the 

dispersion in HFA propellant without the use of cosolvents. Since most commonly used 

surfactants are insoluble in HFA propellants, cosolvents, e.g. ethanol, have been used 

in order to dissolve HFA-insoluble surfactants. The use of low volatile cosolvents, 

however, may lead to partial drug dissolution with the risk of subsequent crystal growth 

due to Ostwald ripening and it may also reduce the vapour pressure of the aerosol 

formulation which in turn slows down propellant evaporation resulting in increased 

droplet sizes influencing therefore the spray performance. However, this issue has 

been discussed in more detail in chapter 1 .

Since nanoparticle engineering is mainly focused on the formation of polymeric 

nanocapsules/nanospheres and solid lipid nanoparticles for drug targeting, sustained 

release and improved bioavailbility purposes, there are only few reports regarding the 

generation of submicron sized pure drug particles. Dickinson et al. (2001) presented a 

method to generate hydrophilic drug nanoparticles for pulmonary delivery. This method 

is based on the formulation of a w/o microemulsion containing the dissolved drug in the 

dispersed aqueous phase. Snap freezing of the microemulsion and subsequent freeze- 

drying resulted in submicron particles. However, the nanoparticles stabilized with HFA- 

insoluble AOT and lecithin could not be dispersed directly into HFA-134a and HFA- 

227ea, hence the addition of 5% hexane was necessary. Sjostrom et al. (1993) 

presented a similar method for the formation of hydrophobic drug nanoparticles. This 

method involves the evaporation of organic solvent from the internal phase of an oil-in- 

water emulsion resulting in an aqueous dispersion of hydrophobic drug nanoparticles of 

around 1 0 0  nm coated with surfactant.

In this study, Beclomethasone dipropionate (BDP) (Figure 4.1.1) will be used as a 

lipophilic model drug for the preparation of nanoparticles. BDP is an almost white, 

crystalline powder. It is practically insoluble in water, sparingly soluble in alcohol and
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freely soluble in acetone and chloroform. BDP is a corticosteroid with mainly 

glucocorticoid activity and is used by inhalation for the prophylaxis of asthma. 

Depending on the severity of asthma a daily dose of 100-800 pg is recommended. 

Inhaled units are between 50-100pg/shot (Sweetman, 2002).

Figure 4.1.1 Chemical structure o f Beclomethasone dipropionate (BDP)

BDP is approximately 0.007% (w/w) and 0.008% (w/w) soluble in HFA-227ea and HFA- 

134a at 25°C, respectively (Williams III and Hu, 2001). Due to the lower BDP solubility 

in HFA-227ea and its lower vapour pressure which enables cold filling (see 1.1.4.3.2), 

investigations on BDP nanoparticle suspensions were focused on formulations in HFA- 

227ea.

Prior investigations on surfactant orientation in HFA propellants (see chapter 3) 

suggests that lipophilic nanoparticles suspended in HFA propellants can be stabilized 

by Li-orientated surfactants.

The surfactant plays a vital role in the BDP nanoparticle formulation and its stabilization 

in HFA propellant. Its choice, however, is hampered by limitations that arise from the 

formulation method, HFA solubility and toxicity.

The surfactant:

• should be soluble in HFA propellant

• should provide effective steric stabilization

• should stay adsorbed to the BDP nanoparticle surface when dispersed into HFA
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• should be in a waxy-solid consistency since BDP would dissolve in the large 

amounts of liquid surfactant as soon as the solvents are removed, e.g. 

microemulsion method proposed by Dickinson et al. (2001). Unfortunately, most 

of the solid surfactants are insoluble in HFA propellant as shown in chapter 2.

• should not be toxic to the lung

Referring to chapter 2, soluble surfactants could mainly be found among the Brij and 

POE-PPO block copolymer (Poloxamer) surfactants. The ability of surfactants to 

adsorb at interfaces, to bind through hydrophobic interactions to proteins and to 

solubilize membrane components can cause tissue damage and haemolysis (Attwood 

and Florence, 1983). Brij surfactants are known to exhibit high levels of tissue 

damaging effects and haemolysis, consequently they are not used clinically and not 

considered for pulmonary delivery (Gould et al., 2000). For Poloxamers, on the other 

hand, tissue damaging and haemolytic effects have not been reported. Dinkelmann et 

al. (2001) showed that Pluronic-based emulsions are virtually non-toxic to human 

leukocytes and do not cause haemolysis. Moreover, water soluble polymers with 

molecular weights < 10,000 Daltons (which include most of the investigated 

Poloxamers) are not expected to exhibit lung toxicity and they are rapidly cleared in the 

respiratory tract (U.S.Environmental Protection Agency, 2004). They are therefore 

promising stabilizers for pharmaceutical inhalation products. Poloxamers are widely 

used in nanoparticle engineering as they strongly adsorb onto the surface of 

hydrophobic nanospheres (Moghimi and Hunter, 2000). By coating nanoparticles with 

Poloxamers, it was possible to suppress the recognition by macrophages after 

intravenous administration (Storm, 1995). Reduced phagocytosis by alveolar 

macrophages after pulmonary administration is known for phospholipid coated particles 

(Evora et al., 1998), but has yet to be investigated for Poloxamers. Unfortunately, most 

of the solid Poloxamers are insoluble in HFAs. Reverse Pluronic 25-R4, however, is of 

pasty consistency at room temperature and is soluble in HFAs. Furthermore, its long 

POE blocks should provide sufficient steric repulsion for nanoparticle stabilization in 

HFA dispersions. Thus, 25-R4 complies with the requirements of toxicity, HFA-solubility 

and consistency and can therefore be considered as a promising excipient for the 

formulation and stabilization of lipophilic nanoparticles in HFA propellants.

Based on these considerations, attempts were made to generate stable BDP 

nanoparticles primarily with the focus on Pluronic 25-R4 stabilization. Formulation
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approaches from microemulsion templates will briefly be presented and problems 

discussed. Nanoparticles obtained from an emulsion homogenization method are 

characterized and its dispersion properties in HFA propellant assessed.

4.2 Materials

Polyoxyethylene(10)-laurylether, Brij 97, Tyloxapol, Polyvinylpyrrolidone 10,000 (PVP- 

10) and cineole were purchased from Sigma-Adrich (Steinheim, Germany), Pluronic 

25-R4 was a generous gift from BASF Corporation (New Jersey, USA), Lecithin P I00 

(Epikuron) was donated by Degussa Bioactives GmbH (Freising, Germany). Ethanol 

absolute (99-100%), acetone and chloroform were obtained from VWR International 

Ltd. (Poole, UK), acetonitrile HPLC-grade and water HPLC-grade were purchased from 

Fisher Scientific Ltd. (Loughborough, Leicestershire, UK). 2H,3H-decafluoropentane 

was obtained from Apollo Scientific Ltd. (Derbyshire, UK), the hydrofluoroalkane 

propellants 1,1,1,2-tetrafluoroethane (Solkane® 134a pharma) and 1,1,1,2,3,3,3,- 

heptafluoropropane (Solkane® 227ea pharma) were supplied by Solvay Fluor und 

Derivate GmbH (Hannover, Germany). Beclomethasone dipropionate anhydrous (BDP) 

was kindly supplied by GlaxoSmithKline. All chemicals were used as received.

4.3 Methods

4.3.1 Nanoparticle formulation

4.3.1.1 o/w microemulsion method

Microemulsions are clear, thermodynamically stable optically isotropic systems. They 

form spontaneously upon mixing oil, water and an amphiphile blend (surfactants either 

alone or in combination with a co-surfactant) thereby overcoming the need for 

additional input of energy (Danielsson and Lindman, 1981). They consist of small 

droplets of 5-140 nm of one liquid dispersed throughout another in the presence of 

large concentrations (up to around 50%) of suitable surfactant combinations. The 

surfactant combination is crucial for the formation and stabilization of the 

microemulsion as it needs to attain very low interfacial tension, y (approximately 0 mN 

m'^). It is generally not possible to achieve the required low interfacial tension with the 

use of a single surfactant, but it can be achieved with the addition of a second 

amphiphile (co-surfactant) which is often a shortchain alcohol (Florence and Attwood,
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1998). Their amphiphilic nature, i.e. short hydrophobic alkyl chain and terminal hydroxyl 

group, enables them to interact with the surfactant monolayers at the interface thereby 

affecting their packing. This in turn influences the curvature of the interface and the 

interfacial energy (Alany et al., 2000). In summary, for the microemulsion formulation a 

suitable combination of surfactant, co-surfactant, and oil needs to be chosen. Based on 

the method proposed by Dickinson et al. (2001), the choice of the microemulsion 

composition that will be used as a template for the formulation of BDP nanoparticles for 

pulmonary delivery via HFA pMDIs is limited.

Limitations for the choice o f the surfactant: (see 4.1.2.1)

4.3.1.1.1 Limitations for the choice o f the oil:

The oil

• should dissolve a sufficient amount of BDP

• should be suitable for the formation of an o/w microemulsion

• should possess physical properties which enable freeze drying, i.e. relatively 

low boiling point and relatively high melting point

• should not be toxic

4.3.1.1.2 Limitations for the choice o f the co-surfactant:

The co-surfactant

• should possess physical properties which enables freeze drying, i.e. relatively 

low boiling points and relatively high melting points

• should reduce the interfacial tension sufficiently

• should not be toxic

Based on these limitations, cineole (1,8 -epoxy-p-menthane) may be a suitable oil for 

the nanoparticle preparation from a microemulsion template. Cineole is the major 

component of eucalyptus oil. It is volatile (MW: 154.25; boiling point: 176.4®C) and has 

a melting point of 0.8°G (Lide, 2003), thus suitable for freeze drying. BDP solubility in 

cineole was found to be around 1% (w/w) at ambient temperature. Furthermore, it is
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capable of forming microemulsions (Acharya et al., 2001). Cineole is used in 

pharmaceutical inhalation products as expectorant in chronic bronchitis. Furthermore, 

in vivo studies have shown that cineole reduces the required steroid dose in asthmatic 

patients (Juergens, 2001). Residues in the nanoparticle formulation should therefore 

not cause any concerns. Although BDP exhibits relatively low solubility in cineole 

compared to chloroform (MW: 119.4; mp/°C: -63.41; bp/°C: 61.17 (Lide, 2003)) with 8 % 

(w/w) BDP solubility, its suitability for the nanoparticle formulation will be investigated. 

Ethanol is a commonly used co-surfactant for microemulsification and has also been 

investigated in microemulsions containing cineole (Acharya et al., 2001). Its volatility 

and non toxicity makes it suitable for the formulation of lipophilic nanoparticles. 

According to the method presented by Dickinson et al. (2001), nanoparticles were 

prepared as illustrated in Figure 4.3.1:

microemulsion (swollen micelles in nm size)

snap-freezing

freeze-drying

nanoparticles in surfactant matrix

dispersion in water

centrifugation

freeze-drying of nanoparticle pellet

Nanoparticle
purification

J

Figure 4.3.1 Schematic illustration o f nanoparticle formulation from an o/w  

microemulsion template

Microemulsions of three different compositions (Table 4.3.1) were prepared by 

dissolving the surfactant and co-surfactant in water and either a solution of cineole or
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chloroform containing BDP was subsequently added by weight to the aqueous 

surfactant solution. After gentle shaking an isotropic, clear microemulsion was formed. 

The microemulsion was then snap frozen by pouring directly into a glass squat vial 

(Scientific Laboratory Supplies Nottingham, UK) filled with liquid nitrogen. After 

complete nitrogen evaporation, the squat vial was transferred into a vacuum proofed 

500 ml glass jar (Girovac Ltd., North Walsham, Norfolk, UK) and subsequently freeze 

dried (Drywinner 110, Heto-Holten A/S, Gydevang, Denamrk) for at least 12 hours. 

Freeze drying, also termed "lyophilization" is a process in which drug is firstly dissolved 

in a solvent, typically water, followed by a freezing process. Solvent is then removed by 

vacuum sublimation leaving behind a solid, typically amorphous, product. However, 

some drugs or excipients may crystallize during the freezing process (Swarbrick and 

Boylan, 2002). In order to reduce the amount of surfactant associated with the BDP, 

the lyophilized and solid product of approximately 6  g microemulsion was dispersed 

into 40 ml purified water, transferred into a 50 ml Oakridge PC centrifuge tube (Nalge- 

Nunc Inc., Rochester, NY, USA) and subsequently spun at 21,000 rpm for 30 min using 

a Sigma 3K30 centrifuge (Sigma Laborzentrifugen GmbH, Osterode am Harz, 

Germany) with a 12150-H 25° fixed angle rotor. After removing the supernatant, the 

pellet was collected and lyophilized.

Formulation % (w/w) 
water

% (w/w) 
surfactant

% (w/w) 
ethanol

% (w/w) oil phase / 
composition

A 36% 24%
(25-R4) 12% 28% / 1% (w/w) BDP in 

cineole

B 34.5% 23%
(25-R4:POE10-C12,

1:1)

11.5% 31% 11% (w/w) BDP in 
cineole

C 45% 30%
(25-R4) 15% 10% / 8% (w/w) BDP and 

lecithin in chloroform

Table 4.3.1 o/w microemulsion compositions used for nanoparticle formulation
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4.3.1.2 w/o microemulsion method

An alternative method for the formulation of lipophilic drug nanoparticles from a w/o 

microemulsion template was investigated according to the method presented by 

Debuigne et al. (2000). This method involves the preparation of a w/o microemulsion 

into which a solution of BDP in chloroform is injected into the continuous phase under 

sonication. Diffusion of BDP into the aqueous droplet leads to BDP precipitation due to 

its insolubility in water, thus nuclei are formed. Droplet collision in the microemulsion 

results in particle growth. Three hypotheses are proposed as to how the lipophilic 

nanoparticles are stabilized in the organic phase: (1 ) the nanoparticles are in direct 

contact with the polar heads of the surfactant molecule and the lipophilic tail is directed 

towards the organic solvent (L2-orientation); (2) by a L2-orientated surfactant layer 

induced by a water layer around the lipophilic nanoparticle surface, and (3) by a 

surfactant double layer in which the first layer is orientated with its lipohilic tail towards 

the lipohilic nanoparticle (Li-orientation) followed by a second L2-orientated surfactant 

layer. The hypotheses of the nanoparticle formulation and stabilization are presented in 

Figure 4.3.2.
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water

w ater

Figure 4.3.2 Hypotheses of lipophilic nanoparticle formulation from a w/o 

microemulsion. Illustration 6, 1, and 8 refers to hypotheses 1, 2,and 3, respectively 

(adapted from Debuigne et al., 2000)

A w/o microemulsion of the composition presented in table Table 4.3.2 was prepared 

by dissolving the appropriate amount of surfactant and co-surfactant in hexane with 

subsequent addition of the aqueous phase. Gentle mixing using a vortex-mixer 

(Rotamixer, Hook and Tucker Instruments Ltd., Croydon, Surrey, UK) led to the 

formation of an isotropic, clear microemulsion.

organic phase aqueous phase surfactant co-surfacant 8% (w/w) BDP 
in CHCI3

2 .0  g hexane 0.4 g water 0.8 g Brij 30 0.7 g ethanol 0 3 ml

Table 4.3.2 w/o microemulsion composition (CHCl3=chloroform)
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BDP/chloroform solution was slowly added drop by drop to the micromulsion under 

sonication (XB6 Grant Instruments Ltd., UK) using a 1000 pi adjustable micropipette 

(Gilson pipetman, France). Sonication was continued for further 15 min.

4.3.1.3 Emulsion homogenization method

An emulsion homogenization method has been investigated for the preparation of 

lipophilic nanoparticles. The principle of this method is similar to that of the o/w 

microemulsion method, but is based on the formulation of an ordinary o/w emulsion 

that requires far lower surfactant concentrations and no addition of co-surfactant, and 

hence is more suitable for freeze drying. High speed homogenization at 24,000 rpm 

was applied in order to reduce droplet sizes.

The choice of surfactant for this nanoparticle preparation method was based on the 

idea to combine a hydrophilic, HFA soluble stabilizer, i.e. 25-R4, with a less HFA 

soluble surfactant containing a more lipophilic moiety than the PPG block in 25-R4, i.e. 

Lecithin and Tyloxapol. Lower HFA solubility and the more lipophilic moiety should 

provide stronger surface adsorption onto the lipophilic BDP surface, whereas 25-R4 

should provide the required steric stabilization by forming a second surfactant layer 

around the particle. Tyloxapol, a non-ionic liquid polymer of the alkyl aryl polyether 

alcohol type (Figure 4.3.3), is a synthetic lung surfactant (component of EXOSURF 

NEONATAL®, GlaxoSmithKline) and is also used as mucolytic, therefore suitable for 

pulmonary delivery. Its solubility in HFA-134a and HFA-227ea is 0.02% and 0.5% 

(w/w), respectively (see 2.4.1).

CH2CH2OH CH2CH2OH CH2CH2OH 

(0 CH; CH2)m (OCH2 CH2)m (OCH; CHgyn
I

CH2 CHg 0 CH2 CH2 0
I

CHj CHg 0
0 0 0

/n
m = 6 - 8

V
CH3  — C —  CH3

V
C H j  — C  — C H g

V
C H g  — C — CH3

n  ̂5

ÇH2 C H ^ Ç H 2

C K j  — C  C Hg C H 3  — C  — C H g C H 3  — C  — C H j

C H 3 CH) C H 3

Figure 4.3.3 Chemical structure of Tyloxapol
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Preliminary investigations on various emulsion systems stabilized with surfactant 

combinations of 25-R4, Lecithin and Tyloxapol were carried out with the purpose of 

selecting a suitable emulsion system for the preparation of BDP nanoparticles.

For the emulsion preparation, surfactant was weighed into a 20 ml squat glass vial 

(Scientific Laboratory Supplies Nottingham, UK) and the appropriate weight of water 

added. After complete surfactant dissolution in water, chloroform containing 8% (w/w) 

BDP was added by slow injection using a 1000 pi adjustable micropipette (Gilson 

pipetman, France) under high speed homgenization at 24,000 rpm (Ultra Turrax T25 

homogenizer, IKA-Werke GmbH, Staufen, Germany) for 2 min. Immediately 

afterwards, the emulsions were snap frozen and lyophilized as described in 4.3.1.1. 

The dried product of various emulsion compositions was redispersed in water and 

assessed by optical microscopy using 400 times magnification (Nikon Microphot FXA). 

Since only structures of > 1pm can be detected at that magnification, nanoparticles 

would not appear under the microscope. Thus, the presence of visible particulate 

structures under the optical microscope is an indication of undesired microparticle 

formulation, hence an indication of unsuccessful nanoparticle formulation. Crystalline 

structures could be detected using polarized light. Results are presented in Table 4.3.3.
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stabilizer 1 
% (w/v) in 

aqueous solution

stabilizer 2 
% (w/v) in 

aqueous solution

ml of 8% (w/w) 
BDP in chloro
form per 10 ml 

aqueous solution

Observations 
under the optical 

microscope

1% Lecithin 0.12 Needle 
crystallization 

(> 1 pm)

2% 25-R4 0.1% Lecithin 0.2 Needle 
crystallization 

(> 1 pm)

10% 25-R4 0.5% Lecithin 0.3 Needle 
crystallization 

(> 1pm)

1% 25-R4 0.1% Tyloxapol 0.3 Spherical particles 
(> 1pm)

5% 25-R4 0.5% Tyloxapol 0.3 Only few small 
“dots” visible 

indicating formation 
of submicron 

particles

10% 25-R4 0.1% Tyloxapol 0.3 Only few small 
“dots” visible 

indicating formation 
of submicron 

particles

10% 25-R4 0.1% Tyloxapol 0.6 Only few small 
“dots” visible 

indicating formation 
of submicron 

particles

Table 4.3.3 Optical microscopic observations on BDP nanoparticle formulation from an 

emulsion homogenization method
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Figure 4.3.4 SEM of typical BDP needle crystals formed using the emulsion 

homogenization method containing 1 % lecithin as stabilizer (scale bar indicates 5 pm)

Optical microscopy suggests that 25-R4/Tyloxapol is a suitable surfactant combination 

for the generation of submicron BDP particles. Thus, based on these preliminary 

investigations, BDP nanoparticles were prepared as follows: 10 g of an aqueous 

solution containing 10% (w/w) 25-R4 and 0.1% (w/w) Tyloxapol was prepared and 

cooled to 4°C in an ice/sodium chloride bath. 0.6 ml chloroform containing 8% (w/w) 

BDP was injected into the aqueous surfactant solution using a Gilson micropipette 

under high-speed homogenization at 24,000 rpm (Ultra-Turrax T-25 basic) for 2 

minutes. The emulsion was kept in the ice/sodium chloride bath during homogenization 

since it is not stable at temperatures above around 10°C (see Figure 4.3.5 and Figure 

4.3.6). The emulsion was then immediately snap frozen by pouring into a glass squat 

vial (Scientific Laboratory Supplies Notingham, UK) filled with liquid nitrogen. After 

complete nitrogen evaporation, the frozen emulsion was transferred into a vacuum 

proofed 500 ml glas jar (Girovac Ltd., North Walsham, Northfolk, UK) and subsequently 

freeze dried (Drywinner 110, Heto-Holten A/S, Gydevang, Denmark) for at least 12 

hours. In order to obtain nanoparticles associated with different residue surfactant 

concentrations, the lyophilized product of 10 g emulsion was dispersed in either 4 ml 

purified water, transferred into 15 ml corning PP centrifuge tubes (Corning 

Incorporated, NY, USA) and subsequently spun at 15,000 rpm (Sigma 3K 30 with 

12150-H rotor using an adaptor for 15 ml corning centrifuge tubes (Sigma 

Laborzentrifugen, Osterode am Harz, Germany) for 5 minutes or dispersed in 14 ml 

purified water, spun at 15,000 rpm for 5 minutes with this washing procedure repeated.
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The pellets were collected and subsequently freeze dried in order to remove residual 

water.

Figure 4.3.5 Emulsion used for BDP nanoparticle preparation at 4°C (immediately 

after preparation)

Figure 4.3.6 Emulsion used for BDP nanoparticle preparation at 18°C (immediately 

after preparation)
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4.3.2 Nanoparticle characterization

4.3.2.1 Nanoparticle size

4.3.2.1.1 Transmission electron microscopy

Transmission electron microscopy JEM (FE I / Philips CM 120 Bio Twin, Eindhoven, 

Netherlands) was used to investigate nanoparticle size and shape in suspension. For 

the sample preparation, the nanoparticle suspension was dropped onto a 300/400 

copper mesh grid with carbon/formvar support film (Taab Labs, UK) and stained with 

1% phosphotungstic acid (PTA) in water.

4.3.2.1.2 Scaning electron microscopy

Scanning electron microscopy (SEM) (FE I / Philips XL 30, Eindhoven, Netherlands) 

was used for the surface analysis of the washed and freeze dried product (particle in 

surfactant matrix). For the sample preparation, the product was mounted onto an 

adhesive carbon disc and coated with gold by sputtering (Emitech K550 sputter coater, 

Emitech, Kent, UK) for 2 min at 30 mA.

4.3.2.1.3 Photon correlation spectroscopy (PCS)

Photon Correlation Spectroscopy (PCS) is a particle sizing technique which measures 

the Brownian motion of a particle and relates it to its hydrodynamic diameter d(H). The 

larger the particle the slower the Brownian motion will be. The velocity of this motion is 

defined by a property known as diffusion coefficient (D). The size of a particle is 

calculated from the diffusion coefficient by using the Stokes Einstein equation 

(Equation 4.3.1).

k T
d(H)=

3 TT n D

Equation 4.3.1

d(H): hydrodynamic diameter
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k: Boltzmann constant

absolute temperature 

viscosity

diffusion coefficient

Thus, the diameter measured by PCS is a value that refers to how a particle diffuses 

within a fluid; its hydrodynamic diameter. This is the diameter of a sphere that has the 

same translational diffusion coefficient as the particle measured (Hofer, 1991; Haskell, 

1998).

In PCS Brownian motion of a particle is determined by measuring the intensity 

fluctuations of light scattered from the particle in motion and this is then correlated into 

size. The intensity of scattered light fluctuates more rapidly if the particle moves faster, 

i.e. if the particle is small. The size distributions of particles obtained from a 

measurement are based on intensity. The relationship between the scattered light 

intensity and the particle diameter is expressed in the Rayleigh approximation 

(Equation 4.3.2): This means, the ratio of scattered light o ffe r example two populations 

of 10 nm and lOOnm present in equal numbers is 1:1000000 between the two 

populations. The contribution of the 10 nm particles to the total scattered light is 

therefore very small.

Equation 4.3.2

I: Intensity of light scattered

d: particle diameter

However, conversions into number and volume distributions are possible but of limited 

use.

A general set up for a PCS instrument is shown in Figure 4.3.7. A laser with fixed 

wavelength, e.g. 488 nm for Argon, is used as the light source. The light beam is
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focused through a lens and passes through the sample cell. The scattered light is 

detected at a certain angle, e.g. 90°, by a photomultiplier. Fluctuations in the scattered 

light are converted into electrical pulses which are fed into a correlator in the computer 

software (Hofer, 1991).

entrance optics sample cell
lattering volume

Laser

incident beam
index vat scattering angle 0

k  detector

Figure 4.3.7 A schematic representation of a general set up for a PCS instrument 

(adapted from Hofer, 1991)

The correlator measures the intensity fluctuations by measuring the intensities at 

different times. If particles are large the signal will be changing slowly and the 

correlation between the signals will persist for a long time. If the particles are small and 

moving rapidly then the correlation will disappear quickly. The correlator constructs a 

correlation function of the scattered light from which the size is obtained by applying 

various algorithms in the Malvern PCS software program. The size distribution obtained 

by each algorithm is usually expressed as a histogram response in which the x-axis 

gives the size classes and the Y-axis the relative intensity of scattered light in each size 

class (Malvern Instruments PCS Training Manual, 1998). Size averages are expressed 

as z-averages and the polydispersity of the system (the width of the size distribution) is 

indicated by the poly index. Its value is between 0 and 1. Samples with a poly index 

between 0 and 0.08 are considered as monodispersed, values between 0.08 and 0.5 

indicate mid-range polydispersity and samples with values greater than 0.5 are 

considered as very polydispersed. Since PCS measures Brownian motion (random 

movement) and relates it to size, its suitability for particle size measurements is limited
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by the onset of agglomeration and sedimentation in the dispersion. Sedimentation and 

agglomeration would also be reflected in high poly indices.

For the evaluation of the correlation function of the nanoparticle dispersions an 

automatic algorithm function (Malvern PCS software, Malvern Instruments, UK) was 

chosen. This data analysis mode firstly uses a monomodal analysis (assuming 

monodispere log-normal size distribution) to determine the z-average diameter and 

polydispersity values (broadness of the monodisperse intensity peak). If the 

polydispersity is < 0.05 a monomodal size distribution is accepted. If, however, the 

polydispersity is > 0.05 CONTIN analysis is used. CONTIN is based on the calculation 

of fifteen possible distributions from which the best fit is chosen.

For the sample preparation, nanoparticles were dispersed in DFP (viscosity: 0.67 cPs 

at 20°C), which was previously filtered through a 0.2 pm nylon filter (Whatman 

International Ltd., UK). An appropriate nanoparticle concentration was used to ensure 

count rates of > 30 kcounts and < 500 kcounts. The nanoparticle dispersions were 

sonicated for 10 seconds prior to measurement. Particle sizes were measured using a 

fixed angle (90°) Malvern Zetasizer 3000 (Malvern Instruments, UK). An average of 

three measurements was taken for each sample.

4.3.2.2 Nanoparticle composition

4.3.2.2.1 BDP content determination

A quantitative determination of BDP was carried out using a high performance liquid 

chromatography (HPLC) method supplied by GlaxoSmithKline. The HPLC system 

consisted of a Gilson model 307 pump, a Gilson sample injector model 231, a Gilson 

Dilutor type 401, a lOOpI loop, a Perkin Elmer Series 200 column oven and an 

absorbance detector (Applied Biosystems 759A). The HPLC system was connected to 

a Gilson 712 HPLC software program. The instrument was fitted with a 5 pm Hypersil 

Octadodecylsiloxane (CDS) column (20 cm, 4.6 mm id) (Sigma-Aldrich, Germany). The 

mobile phase consisted of a mixture of acetonitrile/water (60/40), which was filtered 

through a 0.2 pm nylon filter (Whatman International Ltd., UK) and sonicated for 2 min 

(XB6 Grant Instruments Ltd., UK) prior to use. The assay was conducted at 35°C at a 

flow rate of 2 ml/min and the detection wavelength was 239 nm. The injection volume 

was 100 pi. At the beginning and the end of each aerosol sample set, an external
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standard of 3.52 |jg/ml BDP in acetonitrile/aqueous 0.25% (v/v) glacial acetic acid 

solution (70/30) was measured.

For the sample preparation a defined amount of freeze dried BDP nanoparticle product 

was dissolved in a solution consisting of acetonitrile/aqueous 0.25% (v/v) glacial acetic 

acid (70/30) and diluted accordingly in order to obtain a BDP concentration between 1 

and10 pg/ml.

4.3.2.2.2 Tyloxapol content determination

Tyloxapol was quantitatively assessed by high performance liquid chromatography 

(HPLC) using a modified method described by Heinig (1997). The HPLC apparatus 

described in 4.3.2.2.1 was connected with a 5 pm reversed phase Apex C-8 column 

(25 cm, 4.6 mm i.d.) (Argonaut Technologies Ltd., Mid Glamorgan, UK). The mobile 

phase consisted of acetonitrile/water (60/40). The flow rate was 2 ml/min at 35°C and 

the detection wavelength 230 nm. The injection volume was 100 pi. Linear calibration 

curves were obtained between 0.0062% (w/v) and 0.1% (w/v). An external standard of 

0.05% (w/v) was assayed before and after each sample run.

For the sample preparation a defined amount of freeze dried nanoparticle product was 

dispersed in water and sonicated for 2 minutes (XB6 Grant Instruments Ltd., UK) to 

allow Tyloxapol to dissolve. Subsequently, the suspension was spun at 15,000 rpm 

using an Eppendorff bench centrifuge 5415 D fitted with a fixed angle rotor (type F-45- 

24-11) (Eppendorff AG, Hamburg, Germany) and the Tyloxapol concentration in the 

supernatant determined. The pellet was then redispersed in water and the process 

described repeated until no Tyloxapol could be determined in the supernatant. The 

total Tyloxapol concentration was calculated by adding together the amount in each 

supernatant.

4.3.2.2.3 Water content determination

The water content of the freeze dried nanoparticle product was determined using a 

thermogravimetric analysis (TGA) technique. The principle is based on the 

determination of the weight loss caused by evaporation upon heating the sample. 2-7 

mg of the nanoparticle product was weighed onto a platinum pan (Perkin Elmer 

platinum sample pan kit) and the exact weight determined (Perkin Elmer 

Thermogravimetric Analyzer, TGA 7, Perkin Elmer Instruments, Bucks, UK). At a 

heating rate of 10°C/min the sample was heated from 40°C to 160°C and the weight
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loss recorded (Perkin Elmer Thermogravimetric Analyzer, TGA 7, Perkin Elmer 

Instruments, Bucks, UK).

4.3.2.2.4 Pluronic 25-R4 content determination

The Pluronic 25-R4 content in the nanoparticle product was calculated as a balance of 

BDP content, Tyloxapol content, water content, and 100%.

4.3.2.S Physical characterization

4.3.2.3.1 X-ray powder diffraction (XRPD)

In order to determine the crystalline/amorphous nature of the BDP nanoparticles. X-ray 

powder diffraction (XRPD) was employed. The three-dimensional structure of 

crystalline material is, in contrast to amorphous material, defined by regular, repeating 

planes of atoms that form a crystal lattice. When a focused X-ray beam interacts with 

these planes of atoms, part of the beam is transmitted, part is refracted and scattered, 

and part is diffracted. When an X-ray beam hits a sample and is diffracted, the distance 

between the planes in the crystal lattice can be measured by applying Bragg’s law 

(Swarbrick and Boylan, 2002) (Equation 4.3.3):

n 1 = 2 d sin 8

Equation 4.3.3

n = order of the diffracted beam 

1 = wavelength of the incident x-ray beam 

d = distance between the adjacent planes of atoms 

0 = angle of incidence of the x-ray beam

When an x-ray beam of a specific wavelength X (about the same length as the inter 

atom plane distance) hits the sample the diffracted beam can be detected by a 

movable detector at different angles 0. After converting the signals into count rates the
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distance between the adjacent planes of atoms (d) can be calculated. A schematic 

representation of an x-ray diffractometer is presented in Figure 4.3.8.

I

Incident beam

Sample
X-ray source

Movable detector

Figure 4.3.8 Schematic representation o f an x-ray powder diffractometer

Since X-rays are only diffracted by crystalline and not by amorphous materials in which 

atoms are not packed in an ordered fashion, XRPD can be used as a technique to 

determine the crystalline/amorphous state of material. The peaks in an x-ray powder 

diffractogram produced during an x-ray scan represent positions where the x-ray has 

been diffracted by a crystal lattice. An amorphous state, however, is evident in a 

diffraction pattern with no sharp peaks (Beyer and Maasz, 1987; Swarbrick and Boylan, 

2002).

A Philips PW 3710 Powder Diffractometer (Philips, Cambridge, UK) was employed for 

the determination of the amorphous/crystalline nature of the BDP nanoparticles. The 

sample holder was loaded to provide a powder bed of approximately 2 mm thickness, 

and scanned under the following conditions: Cu Ka (k = 1.542 A) radiation; 5-40 °20; 

step size O.O2°20; 0.01 °20/s scan speed.
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4.3.2.3.2 Differential scanning calorimetry (DSC)

Since BDP is able to form hydrates, Differential Scanning Calorimetry (DSC) was used 

to determine whether BDP hydrate formation occurred when employing the emulsion 

homogenization nanoparticle formulation method.

Differential Scanning Calorimetry is a technique for measuring the energy necessary to 

establish a nearly zero temperature difference between a substance and an inert 

reference material, as the two specimens are subjected to identical temperature 

changes at a controlled rate. The temperature of the sample and the reference are 

controlled independently using separate, identical furnaces. The temperature of the 

sample and reference are made identical by varying the power input to the two 

furnaces; the energy required to do this is a measure of the enthalpy changes in the 

sample relative to the reference (Figure 4.3.9). Thus transitions such as sublimation, 

vaporisation, melting (endothermie heat changes) and crystallization (exothermic heat 

change) can be observed by applying this technique (Clas et al., 2002).

Pt Sensors

M

AAAMAAAAMA

Individual
Heaters

Figure 4.3.9 Design of a power compensated DSC (adapted from 7 Series/UNIX DSC 

1 Differential Scanning Calorimeter Users Manual)
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Freeze dried nanoparticle product was spread on the bottom of a Perkin Elmer 

aluminium DSC pan and weighed using a Perkin Elmer autobalance AD-4 (Perkin 

Elmer Instruments, Beaconsfield, Bucks, UK). The sample was then encapsulated in 

the pan which ensured good thermal contact between the pan and the furnace. The 

purge gas was nitrogen at a flow rate of 20 ml/min. The temperature range over which 

the samples were scanned was 25-225°C at a scan rate of 10®C/min. An empty sealed 

aluminium pan was used as reference. Indium and Zinc were used to calibrate the DSC 

7 (Perkin Elmer Instruments, Beaconsfield, Bucks, UK) (indium: onset temperature = 

156.60°C and AH = 28.45 J/g; zinc: onset temperature = 419.47°C). Pyris 3.81 

software program was used to calculate enthalpy changes in the sample.

4.3.2.4 Dispersion in HFA propellant

In order to examine the dispersion properties of the BDP nanoparticles in HFA-227ea 

propellant, an appropriate amount of the freeze dried product was weighed into a 

plastic coated glass bottle (Wheaton, USA), a continuous spray valve (Valois, France) 

was then crimped onto the bottle (manual bottle crimper, model 3000-B, Aero-Tech 

Laboratory Equipment Company, Maryland, USA) and propellant filled through the 

valve using a pressure burette (Aero-Tech Laboratory Equipment Company, Maryland, 

USA). The suspension was then sonicated for 10 seconds (XB6 Grant Instruments 

Ltd., UK). Dispersions of nanoparticle product of various concentrations were prepared. 

Digital pictures of the HFA suspensions were taken immediately after shaking and after 

1, 2 and 30 minutes. Agglomeration was assessed visually.

4.4 Results and Discussion

4.4.1 Microemulsion methods

4.4.1.1 o/w microemulsion method

Figure 4.4.1 and Figure 4.4.2 show TEMs of nanoparticles dispersed in water obtained 

from the o/w microemulsion method after the first freeze drying step. Spherical 

nanoparticles of around 100 nm or less could be generated from formulation A and C, 

whereas nanoparticles of around 200 nm are evident in the TEM picture obtained from

138



formulation B. After purification from excess surfactant, it was possible to disperse the 

BDP nanoparticle product homogenously in DFP. However, during the nanoparticle 

purification process, i.e. in the aqueous dispersion of the BDP nanoparticle in 

surfactant matrix obtained form formulation A and B, needle crystallization was visible. 

An example of a typical needle crystal formed in the aqueous dispersion is shown in 

Figure 4.4.4. BDP crystallization processes are likely to be induced by substantial BDP 

dissolution in the washing medium containing < 0.05% BDP and > 3% surfactant 

(details of crystallization processes see 5.1). In formulation C, however, the hydrophilic 

Poloxamer surfactant 25-R4 was combined with the lipophilic phospholipid lecithin. The 

strategy was to prevent BDP dissolution and subsequent crystallization by coating the 

BDP nanoparticle with HFA- and water insoluble lecithin. The BDP-lecithin 

nanoparticles will be stabilized in HFAs by an outer layer of 25-R4. Neither TEM nor 

visible observation of the aqueous dispersion of nanoparticles obtained from 

formulation C (Figure 4.4.3) gave evidence of BDP crystallization. However, purified 

nanoparticles could not successfully be dispersed in either DFP, HFA-134a or HFA- 

227ea. Large aggregates were visible and nanoparticles had the tendency to adhere to 

the glass wall. This may be due to the insolubility of lecithin in HFAs.

In general, the o/w microemulsion method for the preparation of BDP nanoparticles 

was hampered not only by crystallization problems as a result of the large amounts of 

surfactant used, but also by persistent melting problems during the freeze drying 

caused by the high concentrations of organic solvent, i.e. ethanol. It was therefore 

questionable whether this microemulsion method represented a rational approach for 

BDP nanoparticle formulation, thus it was decided to focus on alternative nanoparticle 

preparation methods.
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Figure 4.4.1 Nanoparticles obtained from formulation A (scale bar indicates 200 nm)

Figure 4.4.2 Nanoparticles obtained from formulation B (scale bar indicates 500 nm)
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Figure 4.4.3 Nanoparticles obtained from formulation C (scale bar indicates 200 nm)

Figure 4.4.4 Typical needle crystal obtained from nanoparticle formulation A and B 

during the purification process (scale bar indicates 1 pm)
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4.4.1.2 iv/o microemulsion method

Figure 4.4.5 is a TEM of the w/o microemulsion diluted 1:12 with DFP. The sample was 

stained with iodine vapour according to the following procedure described by Debuigne 

(2000). Two drops of the diluted microemulsion were dropped onto a 300/400 copper 

mesh grid with carbon/formvar support film (Taab Labs, UK) placed on a watch glass 

and left under vacuum for 30 min in a desiccator filled with silica to allow solvent 

evaporation. 2-3 iodine plates were then placed approximately 3 cm away from the grid 

and a second watch glass was placed on top. This was stored for 11-12 hours in a 

desiccator in order to allow iodine vapour adsorption onto the BDP nanoparticles. After 

11-12 hours, the iodine plates were removed and the grid was placed in a desiccator 

for 1 hour under vacuum in order to remove excess of iodine. The grid was then 

investigated under the TEM. One grid was prepared in the same manner with an 

“empty” microemulsion (added chloroform did not contain BDP) and was used as 

control.

Figure 4.4.5 TEM of w/o microemulsion diluted with DFP and stained with iodine 
vapour (scale bar indicates 100 nm)

Spherical structures of around 5-10 nm can be seen. Since the control (“empty 

microemulsion”) did not show any stained structures, it can be assumed that BDP
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nanoparticles of 5-10 nm have been generated from the w/o microemulsion technique. 

However, there are problems associated with this procedure. Firstly, there are 

limitations in the choice of surfactant for the formation of a w/o microemulsion. 

Poloxamers such as for example 25-R4, 17-R2, L-62 and L-43 (all possess HLBs < 10) 

did not form micromeulsions from a hexane/ethanol/water system. Tween 20 (HLB=

16.7), for instance, is insoluble in hexane, and is thus not suitable. Brijs, however, are 

toxic and therefore not a rational choice for pulmonary delivery. A further problem is the 

nanoparticle purification/separation from the microemulsion. Solvents may be removed 

by evaporation under reduced pressure leaving behind BDP nanoparticles in liquid Brij 

30. This inevitably leads to drug dissolution in the liquid Brij 30 and subsequently to 

crystallization processes. Filtration of 5-10 nm particles from a relatively viscous 

microemulsion may be possible using membrane filters with cut off molecular weights 

of around 30,000 Daltons (~ 4 nm pore size), e.g. vivaspin 6 (30,000 MW cut off) 

centrifugal concentrators (Vivascience AG, Hannover, Germany). This, however, is a 

very time consuming and difficult process. Furthermore, needle crystallization could be 

observed visually in the microemulsion after a 1-2 hours. Thus, this technique was not 

further investigated for the formulation of BDP nanoparticles for the use in HFA pMDIs.

4.4.2 Emulsion homogenization method

4.4.2.1 Nanoparticle size

4.4.2.1.1 Electron microscopy

Figure 4.4.6 shows TEMs of washed and freeze dried nanoparticles produced by the 

emulsion homogenization method (EH A refers to the nanoparticle formulation washed 

twice with 14 ml; EH B refers to the nanoparticle formulation washed once with 4 ml 

water). The TEMs show that nanoparticles of around 150 to 200 nm could be obtained 

and no needle crystallization was visible. No agglomeration is evident in the EH B 

nanoparticle composition. Nanoparticles of the EH A composition are of the same size 

(around 150 to 200 nm), but appear to have a higher tendency to agglomerate. This 

may be explained by the lower surfactant concentration in the EH A composition. 

Surface analysis of the nanoparticle product by SEM, however, shows nanoparticles of 

around 300-600 nm which appear to be incorporated in a surfactant matrix (Figure

4.4.7). Since the operational temperature of SEM is around 50°C, the larger particle
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size seen in the SEM pictures compared to the TEM pictures may be a result of a 

melted surfactant layer.

I
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Figure 4.4.6 TEM of nanoparticles obtained from EH A and EH B (scale bar indicates 

200 nm)
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Figure 4.4.7 SEMs of EH B (scale bar indicates 1 ^m)

4.4.2.1.2 Photon correlation spectroscopy

The z-average diameter (z-average) and polydispersity index (poly index) of 

nanoparticle composition EH A and EH B are listed in Table 4.4.1. Z-averages of 466.8 

nm and 429.5 nm for EH A and EH B nanoparticles, respectively, do not show a 

significant difference (p > 0.05). The hydrodynamic diameters measured with PCS are 

in accordance with the nanoparticle sizes seen in the SEMs. The poly index of around 

0.3 indicates dispersions of mid-range polydispersity which may also be a result of 

some degree of agglomeration occurring in the nanoparticle dispersion.
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z-average diameter polydispersity Index

mean (± SD) mean (± SD)

EH A 466.8 nm (± 89.7 nm) 0.35 (± 0.11)

EH B 429.5 nm (± 67.9 nm) 0.33 (± 0.12)

Table 4.4.1 Z-average diameter and polydispersity index o f BDP nanoparticles 

generated from the emulsion homogenization method (n=5)

4.4.2.2 Nanoparticle composition

Depending on the volume of water used for the surfactant washing process, two 

different nanoparticle compositions could be obtained which are listed in Table 4.4.2.

% BDP % Tyloxapol % Water % Pluronic 25-R4 

mean (± SD) mean (± SD) mean (± SD) mean (± SD)

EH A 71.5 (±1.2) 0.32 (±0.10) 4.9 (± 0.6) 23.3 (± 2.0)

EH B 41.5 (±2.3) 0.58 (±0.12) 3.1 (±1.1) 54.8 (± 3.5)

Table 4.4.2 Composition o f nanoparticles obtained from an emulsion homogenization 

method (n > 3)

The nanoparticles are mainly composed of BDP and 25-R4. The Tyloxapol content in 

both compositions is less than 1%. However, there is evidence of a substantial water 

content left in the nanoparticle formulations after lyophilization.

146



4A.2.3 Physical characterization

4.4.2.3.1 X-ray powder diffraction

An x-ray powder diffractogram of BDP nanoparticles is shown in Figure 4.4.8. The 

sharp peaks in the diffractogram indicate a crystalline state of BDP. The formulation of 

crystalline nanoparticles is desirable since crystalline material is stable in contrast to 

amorphous material.
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Figure 4.4.8 x-ray powder diffractogram o f BDP nanoparticles

4.4.2.3.2 Differential scanning calorimetry

Figure 4.4.9 shows a typical DSC scan of BDP nanoparticles. Two endothermie 

reactions are evident, the first at 128°C and the second at 210"C. The endothermie 

peak at 210°C refers to the melting of BDP, however the melting point is 5®C lower 

compared to anhydrous BDP supplied from GlaxoSmithKline (Figure 4.4.10). A typical 

TGA plot obtained from BDP nanoparticles (Figure 4.4.11) (see 4.3.3.2.3) shows a 

sudden weight loss due to water evaporation at around 125°C, thus there is evidence 

that at 128°C an endothermie dehydration process is shown in the DSC scan. This in
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turn, gives strong evidence of BDP hydrate formation during the nanoparticle 

formulation process. The lower melting point, however, may be a result of some 

disturbances in the crystal lattice due to the presence of surfactant and/or the hydrate 

formation.

g 33
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Delta H =  29.146 J/g
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140 160
Temperature ("C)

Figure 4.4.9 Typical DSC scan o f BDP nanoparticles
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Figure 4.4.10 DSC scan o f anhydrous BDP supplied by GlaxoSmithKline
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Figure 4.4.11 Typical TGA plot from BDP nanoparticles
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4.4.2A Dispersion in HFA propellant

BDP nanoparticles could readily be dispersed in HFA-227 without the addition of 

cosolvent. Examples of BDP nanoparticle dispersions in HFA-227ea are shown in 

Figure 4.4.12.

a
Figure 4.4.12 Examples of nanoparticle suspension in HFA-227ea; 

a = homogenously dispersed; b = agglomeration + creaming, (a = 0.2% (w/v) EH B 

immediately after shaking; b = 0.2% (w/v) EH B after 30 min).

Agglomeration behaviour in HFA-227 was assessed visually and results are presented 

in Table 4.4.3 and Table 4.4.4. Homogenous dispersions were formed immediately 

after shaking and depending on the nanoparticle concentration in HFA-227ea and the 

composition, i.e. the surfactant concentration, agglomeration occurred rapidly. 

Generally, the lower the nanoparticle concentration the more stable the dispersion. 

HFA dispersions with nanoparticle concentrations ^ 0.1% were stable for more than 2 

min. However, BDP nanoparticle concentrations of up to 0.15% in HFA-227ea show

150



sufficient stability to allow enough time for the patient between shaking and inhalation 

(general aim is suspension stability for at least 1 min).

EH A 0.15% 0.1% 0.05%

immediately h h h

1 min h h h

2 min a h h

30 min a + c a + c a

Table 4.4.3 Visual assessment o f EH A nanoparticle dispersion stability in HFA-227ea 

(a = agglomeration visible; c = creaming; h = homogenous appearance)

EH B 0.2% 0.15% 0.1%

immediately h h h

1 min a h h

2 min a + c a h

30 min a + c a + c a + c

Table 4.4.4 Visual assessment o f EH B nanoparticle dispersion stability in HFA-227ea 

(a = agglomeration visible; a = creaming; h = homogenous appearance)

4.5 Conclusion

BDP nanoparticles could be generated from microemulsion and emulsion templates. 

The microemulsion methods, however, were mainly hampered by BDP crystallization 

processes occurring during the preparation or purification and/or by dispersion 

difficulties in HFAs. By applying an emulsion homogenization method, lipophilic BDP 

nanoparticles with hydrodynamic diameters of around 400 nm coated with two non

toxic and HFA soluble polymeric surfactants, i.e. Pluronic 25-R4 and Tyloxapol, could
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successfully be generated and purified. Depending on the volume of water with which 

the BDP nanoparticle product was washed, two different nanoparticle compositions 

could be obtained which differ in their drug/surfactant ratios. Substantial amounts of 

residual water were found in both nanoparticle compositions and this was proven to be 

a result of BDP hydrate formation. The crystalline nature of BDP suggests stability of 

the nanoparticle products. Due to the fact that Pluronic 25-R4 and Tyloxapol are 

soluble in HFA-227ea, BDP nanoparticles could successfully be dispersed in HFA 

propellant without the addition of cosolvent.
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5 Assessment of Spray Performance and 

Physical Stability of BDP Nanoparticle pMDIs
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5.1 Introduction

In this chapter the spray performance of BDP nanoparticle aerosols containing 

formulation EH A and EH B suspended in HFA-277ea is investigated and compared to 

commercially available BDP pMDIs, i.e. a solution phase HFA pMDI (Qvar™, 3M 

Healthcare, Loughborough, UK) and a microparticle suspension CFG pMDI 

(Becotide™, Allen & Hanburys, Midddlesex, UK). Furthermore, the physical stability of 

BDP nanoparticle pMDIs is assessed with respect to crystal growth processes and 

changes in the in vitro drug deposition profile to the lung.

The introduction to this chapter will first review measures and techniques of assessing 

pMDI spray performance. This is followed by a description of the theory of 

crystallization processes and techniques for crystal growth detection. Possible 

measures for crystal growth inhibition are introduced.

5.1.1 Assessing pMDI spray performance

5.1.1.1 Measures of the performance of pMDIs

Measures of respiratory drug delivery performance include in vivo and in vitro tests. In 

vivo tests involve measuring plasma drug/physiological marker concentrations and 

correlating them to clinical efficacy and toxicity. Clinical efficacy is assessed for 

instance by spirometry, measuring peak expiratory flow (PEF), bronchoprovocation 

testing, measurement of inflammation markers or tissue biopsy (Hickey and Thompson, 

1992; Howarth, 2001). Scintigraphic studies, on the other hand, allow visualization of 

drug deposition patterns by incorporation of gamma-radiating nuclides into the 

formulation (Newman, 1998). However, such measures are costly and time intensive, 

therefore in vitro measurements are mostly used to assess pMDI performance. For in 

vitro pMDI testing it is generally accepted that aerodynamic particle size is the single 

most important parameter for pulmonary drug delivery and can be used as an estimate 

of aerosol deposition efficacy. Particle size measurements provide a simple measure to 

compare inhalation formulations (Barnes and Nash, 1996; Barry and O'Callaghan, 

1997). Microscopic or laser diffraction investigations can be used to evaluate the 

particle size distribution in the actual formulation, however, this size distribution is not 

always representative for the aerodynamic particle size distribution emitted from the 

aerosol cloud (Polli et al., 1969; Gonda, 1985). The aerodynamic size distribution
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defines the manner in which an aerosol deposits during the inhalation, whereby the 

aerodynamic diameter is defined as the diameter of a spherical particle with unit 

density that settles at the same rate as the particle in question (Taylor and Kellaway, 

2001). According to the United States Pharmacopoeia (USP24/NF19, 1999) the 

aerodynamic size distribution may be characterized by the mass median aerodynamic 

diameter (MMAD) and the geometric standard deviation (GSD). The MMAD is the most 

important parameter defining particle size, i.e. drug deposition, and it is defined by the 

diameter that divides the particle size distribution into two halves with respect to the 

mass, i.e. 50% of the mass lies in particles above and below the MMAD (Figure 5.1.1). 

The GSD is a measure of the polydispersity of the aerodynamic particle size 

distribution and is given by the Equation 5.1.1 (USP24/NF19, 1999). Theoretically, a 

monodisperse aerosol will exhibit a GSD of 1.0, in practice however, a GSD of ^ 1.22 is 

considered as monodisperse (Hickey, 1992a).

GSD = V  size x / size Y

Equation 5.1.1

Percent

84.13

▲

50.00

15.87 -4--------

XY MMAD

Particle size

Figure 5.1.1 Plot o f cumulative percentage o f mass less than stated aerodynamic 

diameter versus aerodynamic diameter (adapted from USP24/NF19, 1999)
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The most common methods characterizing aerodynamic particle size distribution from 

pharmaceutical aerosols operate on the principle of inertial impaction, whereby aerosol 

particles are separated from a moving airstream on the basis of particle inertia. When 

the direction of the airstream changes, the particles suspended in the airstream 

continue to move in the original direction until they lose inertia as a result of friction with 

the molecules in the surrounding medium. An inertial impaction device consists of a 

collection medium that is either liquid (e.g. Impinger) or solid (e.g. Cascade Impactor) 

and is placed in the path of the original direction of the airstream. Large particles will 

impact on the surface of the collection medium, whereas small particles will follow the 

new direction of the airflow and will therefore not impact on the surface. A series of jets 

of decreasing orifice diameters are placed in the airstream, thus producing increased 

airstream velocity, resulting in increased inertia. As a consequence of the increased 

airstream velocity smaller particles will also impact on the collection medium (Hickey, 

1992a).

The United States Pharmacopoeia (USP24/NF19, 1999) describes three inertial 

impaction apparatuses: the Andersen Cascade Impactor (AGI), the Marple-Miller 

Impactor (MMI), and the multi-stage liquid impinger (MSLI). The USP Advisory Panel 

on Aerosols (USP Advisory Panel on Aerosols, 1994), however, has proposed to use 

for official purposes only the Andersen Cascade Impactor for the determination of 

aerodynamic particle size distributions (Le Belle et al., 1997). Because of its eight 

stage design compared to five stages for the MMI and four stages for the MSLI, it 

provides the greatest resolution in particle size distribution. A picture of the Andersen 

Cascade Apparatus is presented in Figure 5.1.2. The apparatus consists of an 

induction port onto which a mouthpiece adaptor is placed, followed by eight stages 

(stage 0-7) and the filter stage. Each stage has its associated collecting plate (Figure 

5.1.3). A vacuum pump is connected to the apparatus in order to generate an 

appropiate airflow through the apparatus.
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Figure 5.1.2 Andersen Cascade Impactor connected to a vacuum pump

Figure 5.1.3 Stage and collecting plate of Andersen Cascade Impaction apparatus
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The United States Pharmacopoeia (USP24/NF19, 1999) specifies an operational 

airflow of 28.3 litres per minute. The principle of operation is illustrated in Figure 5.1.4. 

Particles generated from the aerosol are following the airstream into the apparatus. 

Particles with sufficient momentum (product of mass and velocity) will impact onto one 

of the eight collection plates or onto the filter. The jet diameter defines the particle 

velocity on each stage; the smaller the jet diameter the higher the particle velocity, thus 

the higher the inertia. As the jet diameter decreases with each stage, larger particles 

will deposit onto upper stages, whereas smaller particles will travel further down and 

will be deposited on lower stages.

Airflow

Small particles which fail to impact

Large particles which impact onto the 
collection plate

Collecting plate -  impaction surface

Figure 5.1.4 Schematic representation o f the principle o f operation o f cascade 

impactors

As the apparatus is designed to simulate the airways in the lung, each stage refers to 

an area in the lung. Deposition in the induction port (also referred to as “throat”) down 

to stage 1 represents the oropharyngeal deposition (mouth down to larynx). The
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amount of drug on stage 2 and below, i.e. < 5.8 pm, is considered as the respirable 

fraction (RF) or fine particle fraction (FPF) as this is the fraction that reaches the lung. 

Deposition on stages 2-5 refers to the tracheo-bronchial deposition and particle sizes 

are between 5.8 pm and 2.1 pm. Further down, the deposition on stage 6 to filter stage, 

represents the alveolar deposition for particles less than 2.1 pm. The relationship 

between the deposition pattern in the lung and in the apparatus with corresponding cut

off diameters for each stage is presented in Figure 5.1.5.

Stage 0
> 10.0 pm

Stage 1
9.0 |jm

Stage 4
3.3 pirn

Stage 2-3
5.8-4.7 pm

Stage 5
2.1 pm

Stage
6 + 7 + filte r
0.4-1.1 pm

Figure 5.1.5 Schematic representation of particle deposition in the respiratory tract 

and the Andersen Cascade Impactor
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5.1.1.2 Nanoparticle pMDI stability

Suspension stability in pMDIs is critical to their performance. If suspensions are 

unstable, the dose emitted and size characteristics may be unpredictable and will lead 

to poor therapy. The two major properties which control the reproducibility of dosing 

from suspension type pMDIs are dispersibility and particle growth (Byron, 1992). 

Particle growth by crystallization is one of the most destabilizing processes in drug 

suspensions. Growth processes may lead to rapid and non-redispersible sedimentation 

or caking and will change the aerodynamic size distribution and deposition pattern of 

an aerosol. pMDIs can be subjected to conditions which promote crystal growth. These 

conditions are for instance: temperature fluctuations (Carless and Foster, 1966; Tzou 

et al., 1997), water permeation (Phillips, 1990), amorphous drug content (Phillips, 

1992; Mullin, 1993; Phillips and Byron, 1994; Steckel et al., 2003), presence of 

solubilizing surfactants (Phillips, 1992; Phillips and Byron, 1994), addition of cosolvents 

(Tzou et al., 1997) and polydispersity of solid drug particles inducing Ostwald ripening 

(Simonelli et al., 1970; Buckton and Beezer, 1992; Mullin, 1993; Phillips and Byron, 

1994; Steckel and Müller, 1998). Most of these conditions induce drug dissolution and 

supersaturation which stimulates crystallization processes (Simonelli et al., 1970; 

Metha et al., 1970). Crystal growth in pMDIs is related to dug solubility in the propellant 

and a rule of thumb seems to be that if the solubility of the solid in the propellant can be 

measured by the most sensitive method, then a suspension will not be stable (Phillips, 

1990; Tzou et al., 1997). In general, the crystallization process involves three steps: (1) 

the creation of a supersaturated system, (2) the formation of a stable nuclei of critical 

size -  either spontaneously or crystal induced, and (3) the crystal growth process. The 

nucléation process involves the diffusion of molecules through the bulk of the solution, 

collision with each other and formation of a nuclei of a critical size (Mullin, 1993; 

Ohtaki, 1998; Raghavan et al., 2001). The overall Gibbs free energy of formation of the 

nucleus, AGt, is given as the sum of the decrease in the Gibbs free energy of formation 

of the cluster lattice, AG|, and the surface excess energy, AGs, (Figure 5.1.6; Equation 

5.1.2):

AGt -  AG| + AGs

Equation 5.1.2
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Figure 5.1.6 The formation o f a cluster as a function o f the radius o f the cluster (r). 

(adapted from Ohtaki, 1998)

Once a nucleus of a critical size is formed, the drug crystal begins to grow. The growth 

process involves transport of growth units (molecules, atoms, ions) from the bulk to the 

crystal surface, diffusion to the growth site and incorporation into the crystal lattice. It is 

mostly described as an inverse process of dissolution, since both processes, 

crystallization and dissolution, are governed by the difference between the 

concentration at the solid surface and the bulk (concentration gradient). This diffusion- 

controlled process was first described by Noyes and Whitney (1897) and was later 

modified on the assumption that there would be a thin liquid adjacent of the growing 

crystal face, through which the solute would have to diffuse. The diffusion controlled 

crystal growth process can therefore be described by Equation 5.1.3.
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m = mass of solid deposited in time t 

A = surface area of the crystal 

D = Diffusion coefficient

5 = length of diffusion path (thickness of the stagnant film) 

c = solute concentration in the solution (supersaturated) 

c* = equilibrium saturation concentration at the crystal surface

Equation 5.1.3

The driving forces for diffusion and crystal growth are illustrated in Figure 5.1.7.
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Figure 5.1.7 Concentration driving forces in crystallization (adapted from Mullin, 1993)
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The concentration in a supersaturated suspension system decreases from the bulk 

solution towards the crystal surface. This gradient induces crystal growth by diffusion 

and deposition of drug molecules onto the crystal surface. Simonelli et al. (1970) and 

Metha et al. (1970) investigated crystal growth rate dependency on stirring rate and 

supersaturation ratio (c/c*). A stirring rate dependency was found which in turn 

supports the theory of a diffusion-controlled process. Furthermore, it was shown that 

the crystal growth rate is a linear function of the supersaturation ratio at ratios > 1.15. 

At lower supersaturation ratios the crystal growth process is believed to be induced by 

the presence of crystals (secondary nucléation process). Conditions that promote 

supersaturation enhance crystal growth. Supersaturation occurs, if the saturation 

concentration of the drug is decreased due to condition changes. For instance, 

decreased drug solubility could be a result of lowering the temperature, transformation 

of an unstable drug form into a more stable but less soluble form, water uptake or the 

presence of polydisperse particle sizes in a suspension. When solid particles are 

dispersed in their own saturated solution, there is a tendency for the smaller particles to 

dissolve and to precipitate onto larger particles (Mullin, 1993). The reason for that 

behaviour lies in the interfacial tension between the suspending medium and the drug 

particle. The system adjusts itself to achieve a minimum total surface free energy. 

Consequently, the average particle size increases with time. This process is called 

Ostwald ripening (Mullin, 1993; Johnson, 1996). The driving force for this ripening 

process is the solubility difference between small and large particles as given by the 

size-solubility relationship described in the Gibbs-Thomson equation (Equation 5.1.4) 

(Buckton and Beezer, 1992; Mullin, 1993). However, the solubility increase only starts 

to become significant for particles < 1 pm.

c* v R T p r

Equation 5.1.4

Cr = solubility of small particles of size r

c* = equilibrium saturation solubility for large particles (r —► «)
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Y = interfacial tension of the solid in solution

V = number of ions (for non-electrolytes v = 1) 

p = density

M = molecular weight of solute in solution 

T = absolute tempeature 

R = gas constant

In conclusion, the presence of small submicron particles next to larger particles is 

forcing a thermodynamically unstable supersaturation with respect to the larger 

particles which is the driving force for crystal growth. In the following, attention is 

directed towards measures of crystal growth inhibition or retardation. First of all, as 

previously mentioned crystal growth is related to drug solubility in the suspension 

(Phillips, 1992; Phillips and Byron, 1994; Tzou et al., 1997). It is therefore important to 

keep the drug dissolution in suspensions as low as possible, i.e. avoid the use of 

cosolvents and surfactants which increase drug solubility and to determine drug 

solubility in the dispersing medium prior to the suspension formulation. A method to 

determine drug solubility in pressurized systems is presented by Dalby et al. (1991). 

Since some degree of drug dissolution is practically unavoidable, e.g. due to 

temperature fluctuations, one must think of protection measures. Surfactants and 

polymers are described in the literature to inhibit growth processes (Carless and 

Foster, 1966; Simonelli et al., 1970; Ziller and Rupprecht, 1988; Williams III et al., 

1999; Raghavan et al., 2001). Surfactants, however, are also reported to accelerate 

crystal growth when increasing the drug solubility (Phillips, 1992; Phillips and Byron, 

1994). Polyvinylpyrrolidone (PVP) is among other polymers known to inhibit 

crystallization processes (Garekani et al., 2000; Raghavan et al., 2001; Mose et al., 

2001). Although the mechanism of growth inhibition by polymers appears to be poorly 

understood, there are some reports on the inhibition mechanism in the literature. 

Simonelli et al. (1970) suggests that the polymer reaching the surface forms a netlike 

structure which allows the drug to grow in fingerlike protrusions and the radii of these 

protrusions is governed by the effective pore size of the polymer net. The smaller the 

radii, a higher supersaturation ratio will be required to grow since according to Gibbs- 

Thomson smaller protrusions, like smaller particles, will have higher solubility. Hence, 

the concentration on the crystal surface is increased which in turn requires a higher 

drug concentration in solution in order to promote crystal growth. The relative
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deposition rate of either drug or polymer depends on their relative rates of diffusion. For 

instance, if the rate of deposition of PVP is relatively slow compared to that of the drug, 

drug molecules will precipitate onto the crystal surface. On the other hand, if the rate of 

deposition is fast, it in turn can inhibit the precipitation of drug molecules by covering 

the crystal surface with a polymer net. Deposition rates are diffusion controlled and 

therefore dependent on the concentration of either drug or polymer in the solution. The 

tightness of the PVP net determines the effective pore size and therefore the 

supersaturation ratio required for crystal growth. According to Ziller and Ruprecht 

(1988), the polymer inhibits the introduction of drug molecules from solution into the 

crystal lattice by occupying adsorption sites and the adsorbed polymer forms a 

mechanical barrier against crystallization. In conclusion, both mechanisms can be 

explained by the presence of a stagnant polymer layer surrounding the crystal surface 

through which the molecules have to diffuse. As the solution approaches the crystal 

surface, the drug growth units and the polymer compete for growth sites. Drug units are 

more likely to incorporate into the crystal lattice, because of the large molecular size 

and structure difference of the polymer molecules. However, due to the ability of 

hydrogen bonding, PVP may adsorb onto the crystal surface which retards crystal 

growth. The mechanism is illustrated in Figure 5.1.8. PVP, however, with only one 

hydrogen functional group per monomer is less strongly adsorbed onto the crystal 

surface compared to for example cellulose polymers with high hydrogen bonding 

capacities (Raghavan et al., 2001).
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Figure 5.1.8 Scheme showing the mechanism of growth inhibition by polymers 

(adapted from Raghavan et a!., 2001).

Several techniques for crystal growth detection are described in the literature such as 

aerodynamic particle sizing (Steckel et al., 2003), determination of volume median 

diameters (Dvm) using laser diffraction or coulter counter techniques (Phillips, 1992; 

Phillips and Byron, 1994; Tzou et al., 1997), determination of dissolved drug 

concentrations in the dispersing medium (Higuchi and Lau, 1962; Ziller and Rupprecht, 

1988) and optical as well as electron microscopic techniques (Phillips, 1990; Phillips, 

1992; Phillips et al., 1993). Microscopy, however, is the only technique that provides a 

direct measure of crystal size and habit.

In this work, the spray performance and stability of different BDP nanoparticle pMDI 

formulations were investigated with emphasis on effects of formulation variables such 

as drug concentration, surfactant concentration and cosolvent addition. Furthermore, 

the effect of PVP on suspension stability was assessed. Drug deposition profiles of 

nanoparticle pMDIs are compared with a commercially available microparticle BDP 

CPC pMDI (Becotide™) and a solution phase BDP HFA pMDI (Qvar™).
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5.2 Materials

Ethanol absolute (99-100%) (VWR International Ltd., UK), acetonitrile HPLC grade 

(Fisher Scientific Ltd., UK), glacial acetic acid (99-100%) (VWR International Ltd., UK) 

the propellant 1,1,1,2,3,3,3-heptafluoropropane (Solkane® 227ea pharma, Solvay Fluor 

und Derivate GmbH, Germany), Polyvinylpyrrolidone 10,000 (Sigma-Aldrich, Germany) 

were used as received. Becotide™ 100 pg BDP per actuation (Allen & Hanbury, 

Middlesex, UK), Qvar™ 100 pg per actuation (3M Healthcare, Loughborough, UK). 

Metering valves with 63 pi per actuation spray volume and 20 mm valve length (Valois 

DF60 MK42; Valois, France), aluminium aerosol cans coated with a fluoropolymer and 

actuators with an orifice diameter of 0.5 mm were kindly supplied by GlaxoSmithKline 

(Ware, Hertfordshire, UK).

5.3 Methods

5.3.1 Preparation of pMDI units

A series of nanoparticle suspension aerosols containing either 0.05 % (w/v) or 0.1 % 

(w/v) of beclomethasone dipropionate were prepared using the nanoparticle 

formulations generated from the emulsion homogenization method as described in 

chapter 4. An appropriate amount of either nanoparticle formulation EH A or EH B 

(hereinafter referred to as formulation A and B) was dispensed into an aluminium 

aerosol can. The can was then cooled in a dry ice/acetone bath before the liquefied 

propellant was added by weight using a cold filling technique (Tunnicliff Engineering Co 

Ltd., UK) (see chapter 1). The cold filling technique was employed since only a 

maximum pressure of 100 psig could be applied to the pressure burette, which is 

insufficient for pressure filling through metering valves. Once the required weight of 14 

g (=10 ml) of propellant was filled into the can, 0.5% (v/v) of ethanol or ethanol-PVP 

(1% (w/v)) solution, respectively, was quickly added where necessary. A 63 

pl/actuation metering valve (Valois DF60 MK42; Valois, France) was immediately 

crimped (Manual bottle crimper 3000, Aero-Tech Laboratory Equipment Company, 

USA) onto the can in order to avoid evaporation of propellant. The nanoparticle 

suspension pMDIs were then sonicated (XB6 Grant Instruments Ltd., UK) for 

approximately 20 seconds and stored in the valve-down position. Investigations were 

performed on each aerosol unit within 2 days of manufacture. Three cans of each

167



aerosol composition were prepared. The aerosols prepared were coded as in Figure

5.3.1 and Figure 5.3.2.

+ EtOH / PVP

Formulation A

no addition + EtOH + EtOH / PVP + EtOHno addition

0.05% BDP 
(30 |jg / shot) 

-30-

0.1% BDP 
(60 jjg / shot) 

-60-

SsmplBi A“30’1 A-30-2 A-30-3 A-60-1 A~60~2 A~60“3

Figure 5.3.1 Flow chart o f aerosol compositions for nanoparticle formulation A

no addition

Formulation B

+ EtOH / PVP + EtOHno addition + EtOH+ EtOH / PVP

0.05% BDP 
(30 M9 / shot) 

-30-

0.1% BDP 
(60 |jg / shot) 

-60-

Sampiei B-30“1 B-30-2 B-30-3 B~60-1 B~60~2 B-60~3

Figure 5.3.2 Flow chart of aerosol compositions for nanoparticle formulation B
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5.3.2 Determination of aerodynamic particle size distribution

Cascade Impaction was used to determine the aerodynamic particle size distribution of 

the emitted dose (“Andersen” Cascade Impactor, Copley Scientific Ltd., UK) of each 

aerosol prepared. The Andersen Cascade Impactor was assembled as described in 

USP 24 (USP24/NF19, 1999) and fitted with an aluminium USP Induction port. A GP 

50 borosilicat filter (Schleicher & Schüll, Germany) was placed on the filter stage. A 

custom made rubber mouthpiece adapter, which was kindly supplied by 

GlaxoSmithKline (Ware, Hertfortshire, UK), was fitted onto the induction port. The 

investigations were carried out at an airflow of 28.3 L/min. The airflow was calibrated 

by attaching an electronic digital flowmeter (model DFM, Copley Scientific LTD., UK) at 

the beginning of each run. According to the procedure described in the USP 24 

(USP24/NF19, 1999) the aerosol can was inserted into the actuator, shaken for 5 

seconds, actuated 5 times to waste and subsequently inserted into the mouthpiece 

adapter such that the device was aligned along the horizontal axis. One dose was then 

fired into the cascade impactor and the inhaler removed after 10 s. The inhaler was 

shaken again for 5 s, reinserted into the mouthpiece and the next actuation delivered 

into the cascade impactor and removed after 10 s. This procedure was repeated for 10 

actuations. After the last dose has been discharged, the cascade impactor was 

disassembled and the beclomethasone dipropionate deposited in the cascade impactor 

recovered employing the following washing procedure: The cascade impactor was 

divided into 11 washing units, which were the device (actuator + valve), the throat + 

mouthpiece, each stage (stage 0-7) + its associated collection plate, the filter stage + 

filter. Each unit was washed with 25 ml of “dissolving solvent”, which was composed of 

acetonitrile/aqueous 0.25% (v/v) acetic acid solution (70/30). In order not to lose any 

drug during the washing, a 25 ml volumetric flask was placed beneath a funnel. Each 

impactor unit was held above the funnel and washed with “dissolving solvent” from a 

squeezable plastic bottle (Figure 5.3.3).
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Washing unit

Figure 5.3.3 Andersen Cascade Impactor washing technique

The volumetric flasks were filled up to volume with the “dissolving solvent". The 

washings were immediately analysed employing a high performance liquid 

chromatographic (HPLC) assay for the determination of BDP as described in section 

4.3.2.2.1. The aerodynamic size distribution of each aerosol composition was tested in 

triplicate.

5.3.3 Calculation of particle size distribution parameters

Calculations of the MMAD and GSD according to USP 24 were carried out using a 

calculation model kindly supplied by GlaxoSmithKline. Calculations were made on the 

basis of stages 2-5. The FPF was calculated as the fraction ex device of BDP 

deposited on stage 2 to filter stage, i.e. < 5.8 pm.
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5.3.4 Statistical analysis

5.3.4.1 Comparison of more than two aerosols

For the comparison of more than two aerosols a one-way analysis of variance 

(ANOVA) for unpaired samples at the 95% significance level was performed using 

SPSS® statistical software program (SPSS UK Ltd., UK). In the case of a significant 

difference of variances within a group (P < 0.05) Fisher’s Least Significance Difference 

(LSD) test was carried out between each mean and every other mean in order to 

determine which of the aerosols within the group differ significantly. Fisher's LSD is the 

variance of the difference between two means multiplied by t calculated from the t-test 

(Equation 5.3.1).

LSD= t V2 sf/n

Equation 5.3.1

5.S.4.2 Comparison of two aerosols

In order to investigate differences between two aerosols a two-sided unpaired t-test at 

the 95% significance level was carried out using SPSS® statistical software program.

5.3.5 Stability study

5.3.5.1 Analysis of drug deposition profiles

Investigations on the inhaler stability were carried out for all aerosols primarily for the 

assessment of possible particle growth processes. Aerosol cans that had been tested 

immediately after production were subsequently stored for four weeks at elevated 

conditions (40°C and 75% rH) in an incubator at GlaxoSmithKline (Ware, Hertfortshire, 

UK). The cans were stored in a valve-down position. In vitro investigations of the 

aerodynamic particle size distribution using Andersen Cascade Impaction were 

repeated within four weeks after the cans were removed from the incubator.
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5.3.S.2 Microscopic investigations

For the visual examination of changes of the nanoparticles, primarily with respect to 

changes in size, either optical microscopy or scanning electron microscopy was 

employed. The drug was recovered from the inhaler by punching a hole into the valve 

lid of the cooled can, which enabled slow propellant evaporation. Afterwards the cans 

were cut and either optical or scanning electron microscopic investigations were 

undertaken on the drug recovered from the can.

5.4 Results

5.4.1 Aerodynamic size distribution

The evaluation of the nanoparticle aerosol spray performance was carried out 

according to the flow chart given in Figure 5.4.1. First, the effect of the aerosol 

composition, i.e nanoparticle suspension with addition of 0.5% (v/v) ethanol-PVP 

solution and ethanol (composition 2 and 3) and nanoparticle suspension without any 

addition (composition 1), on the spray performance was analysed. Further, 

nanoparticle formulations A and B were compared regarding their spray performance. 

This was followed by an assessment of the effect of drug concentration in aerosols on 

the aerodynamic size distribution.

Aerosol Composition -

Nanoparticle 
formulation -

Concentration 
pg/shot - 60

nano particle 
aerosol

Figure 5.4.1 Flow chart for aerodynamic size distribution analyses
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5.4.1.1 Comparison of aerosol compositions

The effect of ethanol and ethanol/PVP addition on the aerosol spray performance with 

respect to the MMAD and FPF was investigated by comparing compositions 1, 2 and 3. 

Figure 5.4.2 -  Figure 5.4.5 show a comparison of the drug deposition profiles of 

composition 1, 2 and 3 for A-30, A-60, B-30 and B-60 aerosol samples. The diagrams 

show the % BDP ex valve deposited on each stage. Calculated particle size distribution 

parameters, i.e. MMAD and GSD, as well as FPF and percentage recovery of each 

aerosol are listed in Table 5.4.1.
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Figure 5.4.2 Comparison of aerosol composition 1, 2 and 3 for A-30 samples
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Figure 5.4.5 Comparison o f aerosol composition 1, 2 and 3 for B-60 samples

MMAD GSD FPF ex device % recovery

A-30-1 2.1 (±0.2) 2.7 (±0.1) 49.0 (±2.8) 107.0 (±4.0)

A-30-2 1.6 (±0.1) 2.5 (±0.2) 59.9 (±2.6) 110.3 (± 1,8)

A-30-3 1.5 (±0.1) 2.7 (±0.2) 57.0 (±1.3) 105.0 (±9.1)

A-60-1 3.4 (±0.3) 2.6 (±0) 44.9 (±2.7) 106.9 (±1.2)

A-60-2 2.1 (±0.1) 2.3 (±0.1) 63.0 (±0.8) 106.5 (±4.5)

A-60-3 2.3 (±0.2) 2.6 (±0.1) 53.0 (±4.8) 102.8 (±2.8)

B-30-1 2.0 (±0.2) 2.3 (±0.2) 57.8 (±1.8) 103.3 (±6.4)

8-30-2 1.6 (±0.1) 2.3 (±0.1) 65.0 (±4.4) 99.7 (± 2.5)

8-30-3 1.5 (±0.0) 2.3 (±0.1) 65.0 (±1.8) 96.5 (± 4.0)

8-60-1 3.0 (±0.2) 2.1 (±0.1) 52.9 (±1.6) 101.9 (±3.2)

8-60-2 2.1 (±0.0) 2.1 (±0.0) 62.5 (±3.1) 98.3 (±4.2)

B-60-3 2.1 (±0.1) 2.1 (±0.0) 60.3 (±2.3) 100.3 (±2.0)

Table 5.4.1 Calculated spray performance parameters o f aerosols tested 
(A/B=nanoparticle formulation; 30/60=pg/shot; 1,2,3=no EtOH addition, EtOH/PVP addition and EtOH 
addition, respectively)
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As previously stated, the overall aim in the formulation of pMDIs is to maximize drug 

deposition into the lower respiratory tract (stage 2 - filter stage) and to minimize the 

pharmacologycally ineffective oropharyngeal deposition (throat - stage 1). Considering 

first the drug deposition profiles of the nanoparticle suspension pMDIs without 

cosolvent addition - compositions 1, i.e A-30-1, A-60-1, B-30-1, B-60-1. At 

concentrations of 30 pg/actuation, throat depositions of 30% and 35% were shown for 

nanoparticle formulation A and B, respectively, with FPFs of 49% and 57%, 

respectively. Within the respirable fraction (stage 2 - filter stage) most of the drug is 

deposited on stage 5 with an effective cutoff diameter of 2.1 pm. The calculated MMAD 

of aerosols A-30-1 and B-30-1 is 2.1 pm and 2.0 pm for nanoparticle formulation A and 

B, respectively. Increasing the drug loading to 60 pg/actuation results in an increased 

MMAD of 3.4 pm and 3.0 pm, respectively, which can clearly be seen in a shift of drug 

deposition from stage 5 towards stage 3 and 4. The FPF is also reduced to 45% and 

53%, respectively, mainly as a consequence of device and throat deposition.

The addition of 0.5% (v/v) of either ethanol or ethanol-PVP (1% (w/v)) solution to the 

nanoparticle suspension resulted in a reduction of the aerodynamic particle size to 

approximately 1.5 pm in the case of the lower concentration aerosols, i.e. A-30-(2,3); 

B-30-(2,3), and to approximately 2.1 pm for the higher concentration aerosols, i.e A-60- 

(2,3); B-60-(2,3). The FPF is increased to up to 65% ex device in aerosol samples 

containing either ethanol or ethanol/PVP compared to those without any addition. 

Analysis of variances (ANOVA) was performed in order to determine whether 

differences between the compositions are significant. P-values calculated from ANOVA 

are listed in Table 5.4.2. Since all P-values were found to be less than 0.05, there is 

evidence of statistical differences between composition 1, 2 and 3. Fisher’s LSD test, 

however, gives more detailed information about differences between each aerosol 

composition (Table 5.4.3). No statistically significant differences could be shown 

between composition 2 and 3, neither for the MMAD means nor for the FPF means. 

However, composition 1 and 2 as well as 1 and 3 show significant differences with P- 

values being < 0.05. It can therefore be concluded, that the addition of ethanol has a 

significant effect on the drug deposition profile of nanoparticle suspension pMDIs, 

whereas PVP in addition to the ethanol does not affect the spray performance for 

aerosols tested within 2 days of preparation.
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ANOVA: P-value

MMAD FPF

A-30-(1,2,3) 0.001 0.003

A-60-(1,2,3) < 0.001 0.004

B-30-(1,2,3) 0.001 0.037

B-60-(1,2,3) < 0.001 0.006

Table 5.4.2 P-values calculated from ANOVA performed for MMAD and FPF means o f 

aerosol compositions 1, 2 and 3

LSD: P-value

MMAD FPF

A-30-1,2 0.002 0.001

A-30-1,3 0.001 0.006

A-30-2,3 0.379 0.177

A-60-1,2 < 0.001 0.003

A-60-1,3 0.001 0.068

A-60-2,3 0.163 0.060

B-30-1,2 0.001 0.024

B-30-1,3 < 0.001 0.024

B-30-2,3 0.420 1.000

B-60-1,2 < 0.001 0.003

B-60-1,3 < 0.001 0.009

B-60-2,3 0.712 0.300

Table 5.4.3 P-values calculated from Fisher’s LSD test
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5.4.1.2 Influence of the drug to surfactant ratio

Comparisons of nanoparticle formulation A with B were carried out in order to 

investigate the influence of the drug to surfactant ratio on the spray performance of 

nanoparticle suspension pMDIs. Each aerosol containing formulation A was compared 

with the equivalent aerosol containing nanoparticle formulation B (Figure 5.4.6 - Figure 

5.4.11). Unpaired two-sided t-tests were performed at a significance level of 95% for 

the assessment of statistical significant differences between nanoparticle formulation A 

and B with respect to the MMAD and FPF. P-values are presented in table Table 5.4.4. 

MMADs of comparable aerosols do not exhibit a significant difference since all P- 

values are > 0.05. Hence, the MMAD is not influenced by the drug to surfactant ratio. 

The FPF, however, is significantly higher for some aerosols containing nanoparticle 

formulation B compared to formulation A, i.e. A/B-30-1, A/B-30-3, A/B-60-1.
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Figure 5.4.6 Drug deposition profile A/B-30-1
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Figure 5.4.10 Drug deposition profile A/B-30-3
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Figure 5.4.11 Drug deposition profile A/B-60-3

P-value (unpaired t-test)
MMAD FPF

A-30-1 / B-30-1 0.468 0 . 0 1 0

A-30-2 / B-30-2 1 . 0 0 0 0.158

A-30-3 / B-30-3 0.667 0.003

A-60-1 / B-60-1 0.116 0 . 0 1 2

A-60-2 / B-60-2 0.667 0.665

A-60-3 / B-60-3 0 . 1 0 1 0.077

Table 5.4.4 P-values of nanoparticle formulation A versus B comparison
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5.4.1.3 Effect of drug concentration

The effects of drug loading on the drug deposition profile are shown in Figure 5.4.12 - 

Figure 5.4.17 and Table 5.4.5. Generally, a significant increase in the aerodynamic 

particle size distribution was shown with increasing the drug loading from 30 

pg/actuation to 60 pg/actuation. The FPF, however, decreases with increasing the drug 

loading only in aerosols B-30/60-1 and B-30/60-3, where high respirable fractions of 

over 50% are still observed with the higher BDP concentration.
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Figure 5.4.12 Drug deposition profiles A-30/60-1
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Figure 5.4.13 Drug deposition profiles B-30/60-1
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Figure 5.4.14 Drug deposition profiles A-30/60-2
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B-30-2
B-60-2

Figure 5.4.15 Drug deposition profiles B-30/60-2
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Figure 5.4.16 Drug deposition profiles A-30/60-3
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Figure 5.4.17 Drug deposition profiles B-30/60-3

P-value (unpaired t-test)
MMAD FPF

A-30-1 / A-60-1 0.003 0.142

A-30-2 / A-60-2 0.006 0.516

A-30-3 / A-60-3 0.001 0.238

B-30-1 / B-60-1 0.002 0.024

B-30-2 / B-60-2 0.004 0.466

B-30-3 / B-60-3 0.003 0.049

Table 5.4.5 P-values of drug loading comparison

5.4.1.4 Comparison of nanoparticle aerosols versus Qvar™ and Becotide™

The in vitro drug deposition profiles of Becotide™, a micronized BDP pMDI containing 

a blend of CFC-11 and CFC-12, and Qvar™, a BDP solution pMDI containing HFA-
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134a, were investigated using Andersen Cascade Impaction under the same 

experimental conditions as for investigation of the nanoparticle aerosols. Figure 5.4.18 

compares the deposition patterns of the two commercially available products with those 

of aerosol A-30-2 and B-30-2. MMADs were found to be 1.0 pm (± 0.14) for the Qvar™ 

and 3.6 pm (± 0.14) for Becotide™ (Table 5.4.6) (literature values are 1.1 pm and 3.5 

pm, respectively (Leach et al., 1998)). Nanoparticle suspension pMDI A/B-30-2 shows 

a reduced oropharyngeal deposition compared to Becotide™ and an improved 

bronchial deposition. Oropharyngeal and bronchial deposition are comparable with the 

solution pMDI Qvar™, although the solution MDI reaches a higher alveolar deposition 

than either the micro- and nanoparticle suspension pMDIs.
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Figure 5.4.18 Comparison of nanoparticle suspension pMDIs versus Qvar™ and 

Becotide™
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MMAD GSD FPF % recovery

Qvar'™ 1.0 (±0.14) 2.4 (±0.28) 71.5 (±0.78) 96.7 (±5.87)

Becotide™ 3.6 (±0.14) 1.85 (±0.07) 37.6 (±0.57) 99.5 (±3.12)

Table 5.4.6 Spray performance parameters o f Becotide™ and Qvar™

5.4.2 Stability study

5.4.2.1 Aerodynamic size distribution

Andersen Cascade Impaction was performed on each can after four weeks storage at 

elevated conditions (40°C and 75% rH). Table 5.4.7 gives a summary of the crucial 

parameters characterizing the spray performance, i.e. MMAD, GSD, FPF ex device 

and % BDP emitted dose recovery ("-4w" indicates samples after four weeks storage). 

Inhalers not containing PVP show only ^ 50% BDP recovery after storage, whereas 

PVP containing inhalers reach a recovery rate of > 90%. Systems with less than 50% 

drug recovery were regarded as unstable and therefore further investigations on 

MMAD, GSD and FPF were not carried out. A comparison of drug deposition profiles of 

the PVP containing aerosols before and after storage at elevated temperature and 

humidity are presented in Figure 5.4.19 - Figure 5.4.22. T-test results shown in Table 

5.4.8 indicate no significant changes in MMAD after storage for aerosol compositions 2, 

except for A-60-2 with P = 0.047. The FPF ex device, however, decreased significantly 

in both 60 pg/actuation aerosols, whereas for the lower concentrated aerosols of 30 

pg/actuation the storage at elevated conditions has no significant effect on MMAD and 

FPF. A decreased FPF is generally associated with an increased throat deposition. For 

aerosol A-30-2/A-30-2-4w, a remarkable increase in deposition on the filter was 

observed for A-30-2-4w, which is associated with a reduced deposition on stages 5 and 

6. The changed deposition profile is not reflected in the MMAD.
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MMAD GSD FPF % dose 

recovery

A-30-1 -4w 20.15 (±3.0)

A-30-2-4W 1.5 (±0.1) 2.6 (±0.3) 62.6 (±4.0) 93.5 (± 3.3)

A-30-3-4W 48.4 (± 0.4)

A-60-1 -4w 17.5 (±2.2)

A-60-2-4W 2.3 (±0.1) 2.6 (±0.1) 49.1 (±2.9) 95.0 (±6.9)

A-60-3-4w 22.5 (±3.9)

B-30-1 -4w 22.15 (±0.1)

B-30-2-4w 1.6 (±0.1) 2.4 (±0.1) 58.6 (±3.2) 89.9 (± 5.0)

B-30-3-4w 50.5 (±4.56)

B-60-1 -4w 19.1 (±8.8)

B-60-2-4w 2.2 (±0.2) 2.2 (±0.1) 52.0 (±4.3) 91.1 (±1.9)

B-60-3-4w 28.9 (±1.3)

Table 5.4.7 Drug deposition parameters for aerosols after four weeks storage at 

elevated conditions

P-value (unpaired t-test)

MMAD FPF

A-30-2 / A-30-2-4w 0.423 0.381

B-30-2 / B-30-2-4w 0.230 0.108

A-60-2 / A-60-2-4w 0.047 0.006

B-60-2 / B-60-2-4w 0.423 0.026

Table 5.4.8 P-values calculated from unpaired t-tests performed for MMAD and FPF 

means before and after storage at elevated conditions
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S.4.2.2 Microscopic investigations

Microscopic investigations were carried out in order to examine possible reasons for 

the low drug recovery of aerosol compositions 1 and 3 after storage compared to 

composition 2. Aerosol composition 1 and 3 were investigated under the optical 

microscope (Nikon Microphot FXA) since visual observations already suggested 

substantial crystal growth during storage. Pictures of sample A-60-3-4w and A-60-1-4w 

are presented in Figure 5.4.23 and Figure 5.4.24, representing the crystallization 

process which occurred in aerosol compositions 1 and 3. Microscopic investigations on 

aerosol compositions 2 were conducted under the scanning electron microscope 

(FEI/Phillips XL30, Eindhoven Netherlands) since visual observation of the drug did not 

give any indication of the existence of larger crystals. The samples were gold-sputter 

coated for 2 min at 30 mA using an Emitech K Sputter Coater (Kent, UK). SEM pictures 

of aerosol A-30-2-4w and A-60-2-4w are shown in Figure 5.4.25 - Figure 5.4.27. B- 

formulations did not appear to be suitable for SEM probably due to the higher 

surfactant concentration.

Optical microscope pictures show BDP crystals of around 1 mm in aerosol 

compositions 1 and 3. Generally larger crystals can be observed in composition 3. 

Figure 5.4.25 shows a SEM of A-30-2-4w. Crystals in the size range from around 500 

nm up to 2 pm were present in this sample. Figure 5.4.26 and Figure 5.4.27 show 

SEMs of A-60-2-4W in which most crystals were between 500 nm and 2 pm, although 

some crystals of over 5 pm had also been formed.

V .

1 mm
Figure 5.4.23 Optical microscope picture of A-60-3-4w
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o

1 mm
Figure 5.4.24 Optical microscope picture of A-60-1-4w
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Figure 5.4.25 SEM of A-30-2-4w
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Figure 5.4.26 SEM of A-60-2-4w

Figure 5.4.27 SEM of A-60-2-4w
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5.5 Discussion

5.5.1 Analysis of drug deposition profiles from immediately after 

preparation inhalation aerosols

Considering first the inhalation aerosol samples containing BDP nanoparticles without 

any ethanol and PVP addition. Since nanoparticles of around 400 nm (see chapter 4) 

are suspended in HFA-227ea, one would expect the main drug to be deposited in the 

alveolar region, i.e. stage 6 to filter stage with cut-off diameters < 2.1 pm. The results, 

however, show that the main deposition takes place on stages 4 to 6 for the 30 pg/shot 

aerosols and on stages 3 to 5 for the 60 pg/shot aerosols. This suggests that particle 

aggregates have been formed in the generated aerosol droplets, in which the extent of 

aggregate formation is dependent on the drug concentration in the aerosol. Gonda 

(1985) showed that the aerodynamic particle size of a suspension is not necessarily 

the same as the size of the primary drug particles. He suggested that after 

aerosolization, the drug particle size distribution is in general larger than the distribution 

of the primary particles, because drug particles that are left after evaporation of 

propellant from a droplet form a cluster. The number of primary particles per droplet 

depends on the drug concentration and the ratio of the aerosol droplet diameter to 

primary drug particle diameter. High concentrations of suspended primary particles 

coupled with a large ratio of droplet to primary particle diameters lead eventually to 

substantial increase in the mass median aerodynamic diameter. Cluster formation can 

only be avoided by extreme dilution (Raabe, 1968; Gonda, 1985). Initial median 

diameters of propellant droplets of around 30 pm are reported in the literature (Moren 

and Andersson, 1980; Clark, 1996) and Gonda (1985) suggested that ratios of droplet 

diameter to drug particle diameter of > 10 significantly effects the aerodynamics of the 

suspension formulation. Hence, aerodynamic diameters of well above 1 pm of the 

nanoparticle suspension aerosols can be explained by aggregate formation due to the 

large ratio of droplet size to primary drug particle size of »  10. Furthermore, the 

surfactant contributes significantly to the particle composition in nanoparticle 

formulation A and B, thus the liquid-pasty physical state of 25-R4 may also enhance 

the formation of sticky nanoparticle aggregates as soon as the propellant is evaporated 

from the droplet. In addition, the propellant evaporation rate might have been reduced 

by the presence of 25-R4, which in turn would result in larger aerosol droplets. 

However, between formulation A and B no significant different MMADs are evident, 

whereas formulation B shows generally higher FPFs than formulation A. This may be a 

result of better steric repulsion between the nanoparticles due to the higher surfactant
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concentration associated with each nanoparticle in formulation B. An increased aerosol 

drug concentration is reflected in the deposition profile as MMADs increase significantly 

when the nanoparticle concentration is doubled. This can either be explained by 

enhanced particle aggregation due to the increased number of particles per droplet or 

by the reduced propellant to drug ratio of the aerosol droplet which increases the 

aerodynamic particle size. Ethanol addition has a significant influence on the FPF and 

MMAD. MMADs can be reduced to 1.5 pm with FPFs of up to 65%. There are two 

possible explanations: Ethanol is known to form non-ideal mixtures with HFA 

propellants (Tzou, 1998). HFAs have polar characteristics and hydrogen-bonding 

capacities. Due to the strong electron-withdrawing effect of the fluor-atoms the 

positively polarized hydrogen can form an hydrogen-bond with the hydrogen-bond 

acceptors, the fluor-atoms. When adding ethanol to HFA, it is suggested that the 

intermolecular forces between like molecules are stronger than between unlike 

molecules. It is therefore possible that ethanol in the nanoparticle aerosol formulation 

preferably concentrates at the surfactant-propellant interface, thereby interacting with 

the hydrogens of the highly polar Poloxamer, which in turn could lead to improved 

surfactant dissolution, i.e. better steric repulsion and particle separation resulting in 

lower MMADs and improved FPFs. Steckel (1998) also showed increased respirable 

fractions with the addition of cosolvents and explained this effect with improved 

surfactant solvency. On the other hand, anhydrous BDP is slightly soluble in ethanol 

(experimental value 1.4 % ± 0.1 % (w/v) at ambient temperature). The addition of 

ethanol might therefore increase the total dissolved drug amount. The dissolved drug is 

more likely to deposit onto the lower stages and would therefore influence the drug 

deposition profile. The determination of the hydrated BDP nanoparticle solubility in the 

aerosol formulations is hampered by the difficulty of filtering nanoparticles from a 

pressurized system. Anhydrous BDP is known to be approximately 70 pg/g soluble in 

HFA-227ea (Williams III and Hu, 2001). However, low water content (1000 ppm) is 

found to reduce the anhydrous BDP solubility by nearly a half (Williams III and Hu, 

2001). Since the nanoparticles are known to be in an hydrated form, one can assume a 

decreased solubility in HFA-227ea compared to the anhydrous form. PVP addition 

does not have any significant effect on the drug deposition profile of the nanoparticle 

aerosols. The spray performance of ethanol/PVP containing nanoparticle suspension 

pMDI A/B-30-2 is compared to the two commercially available pMDIs, i.e. Becotide™ 

and Qvar™ (Figure 5.4.18). The nanoparticle formulations showed a far higher FPF (> 

60 %) compared to Becotide™ with a FPF of less than 40%. Furthermore, a shift of the 

main drug deposition from the upper bronchi (main deposition on stage 3) to the lower
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bronchioles and alveoli (main deposition on stage 5) can be achieved with the 

nanoparticle aerosols. However, comparing A/B-30-2 with the solution pMDI, Qvar™, 

one can see a higher alveolar deposition (deposition on stages 6 to filter stage) for the 

solution pMDI. This is also reflected in a lower MMAD of 1.0 pm compared to 1.5 pm 

for the nanoparticle formulation. The FPF for both aerosol formulations is very high (> 

60%). The higher MMAD might be a result of the expectably lower vapour pressure of 

the nanoparticle formulations (vapour pressure of HFA-227ea is significantly lower than 

that of HFA-134a). Although Qvar™ contains a considerable amount of the low-volatile 

cosolvent ethanol, the vapour pressure of the HFA-134a solution is not expected to be 

significantly reduced since ethanol is known to only moderately reduce the vapour 

pressure of HFA propellants (Tzou, 1998). Factors other than the vapour pressure 

could be contributing to the slightly higher MMADs in the nanoparticle aerosols A/B-30- 

2 compared to the solution formulation. As previously mentioned, the device design is 

one crucial factor influencing the drug deposition profiles of pMDIs. Qvar™ has an 

orifice diameter of 0.25 mm compared to 0.5 mm of the nanoparticle pMDIs. Hence, 

larger aerosol droplets are expected to be generated from the nanoparticle formulation 

pMDIs which could result in larger aerodynamic particle sizes. Hydrophilic 

nanoparticles have been previously dispersed in HFA-227ea and showed similar 

MMADs of approximately 1.5 pm compared to the lipophilic nanoparticles dispersed in 

HFA-227ea presented in this work (Dickinson et al., 2001). The hydrophilic 

nanoparticle aerosol, however, was sprayed through an actuator orifice of 0.25 mm 

diameter and a significantly lower MMAD was not demonstrated compared to the 

ethanol containing lipophilic nanoparticle aerosols (A/B-30-2/3). It would be interesting 

to investigate whether a smaller orifice diameter could improve the drug deposition 

pattern of the 60 pg/shot aerosols and the non-ethanol containing formulations. On the 

other hand, a smaller orifice diameter is more susceptible to blockage by particle 

aggregates and is generally not recommended for suspension aerosols, especially not 

for those containing micronized drug. The most important question, however, is 

whether the nanoparticle pMDIs can compete with solution pMDIs for pulmonary drug 

delivery. For the local drug delivery of bronchodilatatory drugs targeting P2- 

adrenoreceptors in the lung, i.e. salbutamol, an optimum bronchodilatation and minimal 

systematic bioavailability could be shown for particles of 2.8 pm (Howarth, 2001). The 

smaller particle sizes produced from solution phase aerosols are not recommended for 

local bronchodilatation. For the local treatment of inflammatory processes in the lung 

with corticosteroids, however, the delivery of small drug particles in the central and 

peripheral airways is desirable since it is known that steroid receptors are located
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throughout the lung and therapeutic effects are evident in the tracheo-bronchial as well 

as in the alveolar region. Alveolar deposition, on the other hand, leads to systemic drug 

absorption, which especially in the case of steroids can cause unwanted side effects. 

Other than the p2-adrenoreceptor stimulant drugs, the optimum particle size for 

maximal efficacy with minimal systemic bioavailability is still not known (Howarth, 2001; 

Woodcock, 2001). All nanoparticle formulation pMDIs, however, show improved drug 

deposition in the lung with increased respirable fractions compared to Becotide™. Non

ethanol containing nanoparticle pMDI formulations show predominately BDP deposition 

in central airways, whereas aerosol formulations A/B-30-2/3 provide, as the solution 

HFA pMDI, BDP deposition in the central (tracheo-broncheal region) as well as in the 

peripheral airways (alveolar region). The alveolar deposition, however, is less 

compared to the solution phase pMDI Qvar™. When formulating inhalation systems for 

predominately systemic drug absorption, the higher alveolar deposition of the solution 

phase pMDI is certainly desirable. Predominately systemic drug delivery via the lung 

can not be achieved with nanoparticle pMDI formulations presented in this work, 

whereas in terms of pulmonary corticosteroid delivery, improved in vitro deposition 

profiles compared to the microparticle suspension CFC-pMDI Becotide™ could be 

shown.

5.5.2 Nanoparticle suspension stability

The pMDI cans were stored for four weeks at elevated conditions, i.e. 40“C and 75 % 

rH, in order to determine the physical stability of the nanoparticle formulations, i.e. 

crystallization processes. Temperature fluctuations as well as high humidity can cause 

supersaturation and promote crystal growth. Phillips (1990) showed that water uptake 

into inhaler cans is directly proportional to the relative humidity. He suggested that the 

water molecules travel through non-solid surfaces between the inside and outside of 

the canister (Figure 5.5.1). These are the gasket around the valve and the valve stem 

and between the valve body and the vial, where the crimping quality plays an important 

role in the protection from water uptake.
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Gasket

Gasket

Gasket

Figure 5.5.1 Section view o f an aluminium can (adapted from Phillips, 1990)

Physical instability due to crystal growth could be detected in all nanoparticle pMDI 

cans after four weeks storage at elevated conditions. As already stressed in the 

introduction to this chapter, drug solubility is related to crystal growth. The solubility of 

the hydrated BDP nanoparticles in HFA-227ea could not be determined, but the fact 

that anhydrous BDP is 70 pg/g soluble in HFA-227ea suggests that a considerable 

amount of the hydrated BDP nanoparticles are dissolved in the aerosol formulation, 

especially in those containing ethanol. The storage of such suspension systems at 

elevated conditions makes crystallization processes likely to occur. Although 

Poloxamers are reported to show inhibitory effects on the crystallization process (Ziller 

and Rupprecht, 1988; Mackellar et al., 1994; Williams III et al., 1999), the presence of 

the polymeric surfactant 25-R4 did not show any inhibitory effects on the crystal growth 

processes in the BDP nanoparticle pMDIs, since large crystals could be detected in 

aerosol compositions 1 and 3. Furthermore, the physical instability led to unsatisfactory 

deposition profiles with recovery rates being less than 50%, probably due to valve 

blockage. The addition of PVP, on the other hand, resulted in significantly reduced 

crystal growth. Although some microparticles were detected, nanoparticles were still 

present after four weeks of storage at elevated conditions. However, the drug 

deposition profile of A/B-30-2 samples were not significantly effected. It seems that 

PVP is able to adsorb onto the hydrated BDP crystal surface, forming a polymer layer
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that inhibits the diffusion of dissolved BDP molecules to the crystal surface. Stronger 

PVP adsorption onto the BDP surface than 25-R4 adsorption could be related to the 

significantly lower PVP solubility in the bulk HFA-227ea, i.e < 0.1% and ^ 50%, 

respectively. It is therefore likely that 25-R4 preferably interacts with the propellant 

molecules instead of adsorbing to the BDP surface. HFA-227ea and 25-R4 have 

hydrogen bonding capacities which makes hydrogen bonding interactions likely (Byron 

et al., 1994; Tzou, 1998; Raghavan et al., 2001). The addition of 0.005% (w/v) PVP to 

the aerosol formulation clearly reduced crystal growth, even in a suspension system 

that due to storage conditions and formulation parameters was likely to be 

supersaturated. The fact that non-PVP containing aerosol samples exhibited extensive 

crystallization supports the assumption of a supersaturated system. Complete crystal 

growth inhibition, however, could not be achieved. The inhibitory effect of PVP on 

crystal growth increases with the concentration and molecular weight of PVP since the 

adsorption becomes progressively more irreversible with increasing the chain length 

(Simonelli et al., 1970; Ziller and Rupprecht, 1988; Garekani et al., 2000). An increased 

PVP concentration in the nanoparticle aerosols might therefore lead to complete 

growth inhibition. Delivering high molecular weight polymers (> 10,000 Da) to the lung 

may cause toxicity problems, especially for non-water soluble polymers 

(U.S.Environmental Protection Agency, 2004). It is therefore not advisable to use PVPs 

with molecular weight greater than 10,000 Da in order to increase the crystal growth 

inhibitory effect.

5.6 Conclusion

The aim of this work was the formulation of a lipophilic nanoparticle suspension HFA 

pMDI with improved drug deposition in the lung as compared to the commonly used 

microparticle CFG pMDIs. Solution phase pMDIs are known to exhibit better deposition 

patterns, i.e. higher FPF and smaller MMADs, compared to microparticle suspension 

phase pMDIs. However, chemical instability and formulation problems for poorly 

soluble drugs requires the formulation of suspension type pMDIs. Nanoparticles 

suspended in HFAs are thought to provide the substantial advantages of solution 

phase MDIs. BDP was chosen as a lipophilic drug, because of its challenging 

crystallization behaviour. Other lipophilic drugs might well be stable in a formulation in 

which BDP is stable. Improved deposition profiles compared to Becotide™ were shown 

for all nanoparticle aerosols, especially with respect to the FPF. The MMAD is strongly

199



dependent on the drug concentration in the nanoparticle suspension. Significantly 

smaller MMADs compared to micronized suspensions pMDIs were obtained in 

nanoparticle aerosols with low drug concentrations. However, non-ethanol containing 

formulations do not show comparable MMADs and FPFs with the solution phase pMDI 

Qvar™. Addition of ethanol, however, resulted in comparable spray performances with 

respect to drug deposition in the lower respiratory tract as could be achieved with the 

low concentration formulations. Pluronic 25-R4 did not offer suitable protection against 

crystal growth in a supersaturated BDP/HFA-227ea suspension system. Low 

concentrations of PVP, however, could show a significant reduction of crystal growth 

and can therefore be considered as a promising stabilizing agent in BDP/HFA- 

suspensions.
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6 General Discussion and Future Directions
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6.1 General Discussion

pMDIs were first introduced in the 1950s by Riker Laboratories for the pulmonary 

delivery of drugs for the treatment of asthma and COPD. They are relatively cheap, 

convenient to use and with an estimated 800 million units produced in 2000 they are 

today the most popular pulmonary drug delivery devices. Despite this popularity, 

optimal dose delivery depends on the patients ability to coordinate actuation and 

breathing. Attaching spacer devices to the pMDI, however, minimizes the need for 

perfect coordination. Until 1995 all marketed pMDs contained CFG propellant. The 

detrimental environmental effects of CFOs, however, led to the phase-out of CFG 

propellant. As a result, non-ozone depleting HFA propellants, i.e. HFA-134a and HFA- 

227ea, are now replacing the ozone-depleting GFGs. Due to different physical 

properties, i.e. higher polarity and higher vapour pressure, HFAs are clearly no “drop- 

in” replacement for GFGs. The transition from GFGs to HFAs had an impact on aspects 

of device design, e.g. elastomeric valve components especially for the use with HFAs 

had to be designed, as well as formulation aspects. Of particular concern is the higher 

polarity of HFAs compared to GFGs resulting in different drug/surfactant solvency 

behaviour. For instance, commonly used surfactants in GFG based pMDIs, i.e. Span 

85, oleic acid and lecithin, are practically insoluble in HFAs and drugs which used to be 

formulated as suspension in GFGs may exhibit considerable solubility in HFAs (e.g. 

salbutamol base), therefore precludes the formulation of a stable suspension in HFAs. 

Unfortunately, common methods of predicting solvency properties, e.g. Hildebrand and 

Fedors solubility parameter, Kauri-butanol values, and GLOGP values fail to predict 

solubility in HFA propellant. Moreover, due to the higher polarities of HFA-134a and 

HFA-227ea different surfactant behaviour compared to GFG needs to be considered. In 

GFGs, a reverse surfactant micellization is reported. However, since surfactant 

aggregation/micellization is strongly dependent on the polarity and the existence of 

hydrogen atoms in the solvent molecule structure, it was not clear whether surfactants 

micellize/aggregate in HFAs and how surfactant micelles/aggregates would orientate in 

HFAs. Generally, the formulation of suspension or solution pMDIs requires the addition 

of soluble surfactants as stabilizing, solubility enhancing or solublizing agents. Finding 

HFA soluble and toxicologically acceptable surfactants as well as understanding 

surfactant behaviour in HFAs is therefore crucial for the rational formulation of HFA 

based pMDIs. The transition to HFAs is also a challenge to improve pMDI performance 

especially with the development of alternative propellant free inhalation devices (e.g. 

DPIs, portable nebulizer, the AERx™ Pulmonary delivery system or the Respimat™
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Soft Mist Inhaler) and the growing interest of delivering drugs for the systemic 

absorption via the pulmonary route. Due to the large surface area, the relatively high 

permeability for macromolecules and relatively low peptidase/protease activity, the 

lungs are in particular a promising route for the delivery of peptidergic drugs such as for 

example insulin. However, in order to reach satisfactory systemic absorption the site of 

deposition should be as peripheral as possible, thus aerodynamic particle sizes should 

be as small as possible.

Typically, particles generated from conventional microparticle suspension pMDIs have 

MMADs between 3-4 pm resulting in predominantly central airway deposition. FPFs of 

only around ^ 30% can be obtained, thus the major fraction emitted from such pMDIs 

typically deposits in the oropharynx causing local and systemic side effects by the 

swallowed fraction. The aerodynamic particle size is one of the most crucial factors 

influencing drug deposition in the lung. Reducing the aerodynamic size by formulating 

the drug either as solution phase pMDIs with actuators consisting of small orifice 

diameters, as porous and low density particles (e.g. Pulmospheres™) or as 

nanoparticles for the dispersion in HFAs showed significantly improved drug deposition 

profiles compared to conventional micronized suspension pMDI formulations (Leach et 

al., 1998; Dellamary et al., 2000; Dickinson et al., 2001).

The first part of the experimental work described in chapter 2 was directed towards 

finding soluble surfactants and understanding factors influencing surfactant solubility in 

HFAs. Solubility studies of a range of conventional non-ionic surfactants as well as of 

POE-PPO block copolymeric surfactants were carried out in the two HFA propellants, 

HFA-134a and HFA-227ea, and in a potential model propellant, i.e. 2H,3H- 

decafluoropentane, that is liquid at ambient temperature and pressure. Soluble 

surfactants were mainly found among the POE-ethers (Brijs) and POE-PPO-block 

copolymer surfactants. However, the surfactant solubility data suggests a strong 

influence of the hydrophilic surfactant moiety on surfactant dissolution. In 

polyoxyethylene based surfactants HFA solubility is determined by the length of the 

POE chain, whereby increasing POE moieties to more than approximately 10 units 

(MW > -  600) resulted in reduced HFA solubility as for instance evident in the solubility 

difference between the two Brij surfactants POE10-C12 and Brij 35 which are -  4% 

and ~ 0.08% (w/w) soluble in HFA-134a, respectively. Configurational changes in the 

POE chain with increasing the chain length resulting in an increased POE polarity, 

similar to the transformation from the "zigzag" to the meander configuration in water, 

may be a possible explanation for the POE solubility behaviour in HFAs. Generally, 

surfactant solubility was found to be higher in HFA-227ea than in HFA-134a. In order to
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assess the suitability of 2H,3H-decafluoropentane (DFP) as a model propellant, 

surfactant solubility in the two propellants were compared to those in DFP. A 

correlation exists only between HFA-134a and DFP suggesting DFP to be a good 

model only for HFA-134a. Since DFP and HFA-134a both consist of a second 

hydrogen atom, H-bonding capacity appeared to have a crucial influence on solvency 

properties.

Chapter 3 focused on investigations of surfactant aggregation behaviour and aggregate 

orientation in HFAs. Micellization is strongly dependent on the chemical nature of the 

solvent. The fact that HFA-134a and HFA-227ea are relatively polar compounds 

consisting of at least one hydrogen-bonding centre, theoretically capable of 

intermolecular H-F bonding, may suggest an entropie induced micellization process. 

However, strong repulsive forces caused by the strong electronegative fluorine mantel 

in the HFA molecule and the limited intermolecular attraction in HFAs opposes a 

micellization process similar to that in water. The iodine solubilization experiment, 

carried out in DFP in order to investigate micellization/surfactant aggregation behaviour 

in HFAs, gave evidence for Brij 30 and L-44 aggregation in DFP. However, a sharp 

transition into a micellar state reminiscent to a cmc in water was not evident suggesting 

rather a stepwise surfactant aggregation process with an operational cmc at 2x10"  ̂and 

8x10'^ mol/L for Brij 30 and L-44, respectively. The gradual surfactant aggregation in 

HFAs shows good agreement with the sequential multiple-equilibrium model proposed 

by Eicke (1974), i.e. a stepwise association of monomers into linear preaggregates 

prior to micelle formation. Furthermore, fluorescence spectrometric investigations into 

the surfactant aggregate orientation were carried out in the two propellants HFA-134a 

and HFA-227ea as well as in DFP. The aim was to assess changes in the 

microenvironment of microviscosity and micropolarity sensitive lipophilic fluorescent 

probes, i.e. 1,3-(1-dipyrenyl)propane and pyrene, respectively, upon their incorporation 

into Li-orientated surfactant aggregates. Unfortunately, pyrene did not appear to be 

suitable for the investigation of surfactant orientation in HFAs. However, the presence 

of surfactants in HFAs resulted in an increased viscosity in the microenvironment of 

1,3-(1-dipyrenyl)propane evident in significantly increased monomer to excimer 

emission intensity ratios ( I m / I e  ratio) which suggests incorporation of the lipophilic probe 

into the lipophilic core of a Li-orientated surfactant aggregate. Thus, the surfactant 

orientation in HFA propellant proved to be different from that in CFG propellant, where 

a reverse L2-surfactant orientation has been reported. This clearly has a major impact 

on the reformulation of the existing CFG based pMDIs.
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The second part of the experimental work described in this thesis emphasized the 

formulation of pMDI systems with the aim of increasing FPFs, i.e. fraction of particles < 

5-6 pm, to > 30% of the emitted dose and to improve drug targeting to peripheral 

airways compared to conventional microparticle suspension pMDIs. With the 

inflammatory process in asthma located widespread throughout the large and small 

airways and the presence of glucocorticoid receptors mainly in the alveolar region, 

targeting of glucocorticoids such as BDP to the smaller airways may be clinically 

advantageous. Leach and collègues (1998) showed improved drug deposition and 

increased clinical effects from smaller particles with a MMAD of 1.1 pm generated from 

a solution phase pMDI compared to 3.5 pm particles generated from microparticle 

suspension pMDI. However, it is not clear whether the increased clinical effect is a 

result of the increased lung deposition or is caused by the increased alveolar 

deposition of the small particles. Moreover, drug targeting to the alveolar region is 

crucial for efficient absorption of drugs intended for systemic delivery.

The formulation of lipophilic BDP nanoparticles for the dispersion in HFAs was 

investigated as an approach for increasing respirable fractions and to improve drug 

targeting to the smaller airways. In chapter 4, BDP nanoparticle formulation methods 

from microemulsion and emulsion templates are described. The formulation of BDP 

nanopartilces turned out to be a challenge which was mainly hampered by 

crystallization processes. However, stable nanoparticles of around 400 nm size 

comprising crystalline BDP coated with 25-R4 and Tyloxapol, two potentially suitable 

surfactants for pulmonary administration, could successfully be generated applying an 

o/w emulsion homogenization method. Two nanoparticle compositions were formulated 

which mainly differ in their drug to surfactant ratios (composition A consists of 71.5% 

BDP and 23.6% surfactant; composition B consists of 41.5% BDP and 55.4% 

surfactant). Substantial amounts of residual water were found in both nanoparticle 

compositions which was proven to be a result of BDP hydrate formation. The 

nanoparticles dispersed homogenously in HFA-227ea without the addition of cosolvent 

and formed a stable suspension for at least 1 minute.

Chapter 5 focused on the in vitro assessment of BDP nanoparticle suspension pMDI 

performance using Andersen Cascade Impaction. The pMDI performance, i.e. MMAD 

and FPF, was assessed with respect to formulation variables such as drug to 

surfactant ratio, drug concentration, addition of ethanol as cosolvent and PVP as 

potential crystal growth inhibitor. Nanoparticle pMDI performances were compared to a 

commercially available BDP solution phase HFA pMDI (Qvar™) and a CFC based BDP 

microparticle pMDI (Becotide™). Furthermore, the stability of BDP nanoparticle
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suspension pMDIs was investigated at elevated conditions (40°C and 75% rH for four 

weeks).

BDP nanoparticle pMDIs showed significantly improved FPFs of ^ 50% compared to 

37% obtained from Becotide™. Without the addition of cosolvent, pMDIs containing 

nanoparticle composition B generated significantly higher FPFs than pMDIs containing 

nanoparticle composition A reaching 57.8% with a BDP concentration of 30 

pg/actuation. Increasing the BDP concentration to 60 pg/actuation, however, reduced 

the FPF to 52.9% probably as a result of enhanced drug cluster formation in the 

aerosol droplet. The generally higher FPF obtained from composition B may be caused 

by a better steric repulsion between nanoparticles due to the higher surfactant 

concentration associated with the BDP nanoparticle. No significant differences in the 

MMADs were evident between nanoparticle composition A and B which were around 

2.0 pm and 3.0 pm for nanoparticle pMDIs containing BDP concentrations of 30 pg and 

60 pg/actuation, respectively. The addition of ethanol to the nanoparticle formulations 

clearly improved the in vitro drug deposition and drug targeting to peripheral airways as 

FPF could be increased to 60-65% and MMADs decreased to around 1.5 pm and 2.1 

pm for 30 pg BDP and 60 pg BDP/actuation formulations, respectively. Ethanol is 

known to form non-ideal mixtures with HFA-propellant (Tzou,1998), hence when 

adding ethanol to HFA it is suggested that the intermolecular forces between like 

molecules (e.g. between HFA molecules) are stronger than between unlike molecules 

(HFA-ethanol interaction). It may therefore be possible that ethanol preferably 

concentrates at the BDP nanoparticle surface interacting with the highly polar POE 

moiety of either 25-R4 or Tyloxapol which may result in enhanced steric repulsion. This 

in turn may result in the generation of particles with smaller aerodynamic diameters 

evident in increased FPFs and decreased MMADs. Nevertheless, some degree of BDP 

hydrate dissolution as a result of the ethanol addition is expected and may also 

contribute to the improved in vitro drug deposition.

The crystal growth inhibitory effect of PVP was shown to be crucial for nanoparticle 

pMDI stability. None of the nanoparticle pMDIs not containing PVP were stable after 

storage at 40°C and 75% rH for four weeks, evident in drug recovery of < 50% in 

contrast to > 90% for PVP containing pMDIs. MMADs of PVP containing nanoparticle 

pMDIs did not change significantly after storage at elevated conditions, whereas FPFs 

were significantly reduced from over 60% to around 50%. Indeed, instability of BDP 

nanoparticles suspended in HFA is expected as some BDP dissolves in HFA inducing 

Ostwald ripening and crystal growth. However, some degree of drug dissolution is 

generally likely to occur in suspension formulations especially with the presence of
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surfactants and cosolvents. The addition of PVP proved to successfully reduce crystal 

growth processes. SEM showed that particle growth occurred to some degree with the 

presence of low concentrations of PVP but was not reflected in an increased MMAD. 

However, increasing the PVP concentration may result in complete crystal growth 

inhibition.

In summary, the overall aim of the second part of the experimental work was to 

formulate stable BDP nanoparticle pMDIs generating particles with smaller 

aerodynamic diameters compared to conventional microparticle pMDI formulations in 

order to improve in vitro drug deposition and drug targeting to more peripheral airways. 

This has been achieved without cosolvent addition mainly with nanoparticle pMDIs 

containing low BDP concentrations of 30pg/actuation. However, the addition of 0.5% 

(v/v) ethanol clearly improved drug deposition profiles and drug targeting to smaller 

airways. Indeed, cosolvent addition is undesired as it may reduce the vapour pressure 

and may lead to enhanced drug dissolution, hence affecting drug deposition and pMDI 

stability. However, pMDIs containing 0.5% (v/v) of an ethanol-PVP solution showed 

best spray performances and highest stability after storage at elevated conditions for 

four weeks. An alternative approach to dispersing nanoparticles in HFAs in order to 

reduce aerodynamic particle sizes is the formulation of solution phase HFA pMDIs 

such as Qvar™. Qvar™ generated smaller particles with a MMAD of 1.1 pm and could 

also show a higher FPF of 71.5% compared to the nanoparticle pMDIs, whereby a 

smaller orifice diameter of 0.25 mm is used in Qvar™ compared to 0.5 mm used for the 

nanoparticle formulations. Therefore, it would be interesting to investigate whether 

aerodynamic particle sizes of nanoparticle pMDIs could further be reduced by using 

smaller orifice diameters.

6.2 Future Directions

The iodine solubilization experiment clearly shows that surfactants are capable of 

aggregating in DFP and suggests that preaggregates are formed prior to micellization. 

However, a more detailed investigations, e.g. by applying light scattering techniques, is 

certainly necessary to fully understand aggregation behaviour. Furthermore, due to the 

difficulties associated with assessing aggregation behaviour in pressurized systems, 

the iodine experiment was carried out in DFP which was used as a model to predict 

aggregation behaviour in HFA-134a and HFA-227ea. Light scattering techniques using
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pressure cells may enable the investigation of surfactant aggregation behaviour in the 

actual propellants.

An alternative method to the fluorescence spectroscopic investigation into surfactant 

aggregate orientation is spin-lattice relaxation time NMR (Ti-relaxation NMR). This 

technique involves the measurement of a time constant (Ti) which describes how fast 

excited nuclear spins in a magnetic field can recover into its equilibrium state. Ti- 

relaxation is mainly influenced by molecular motion, as molecular motion is the basic 

requirement for energy exchange. Thus, the more molecular motion the more energy 

the nucleus can absorb from the lattice which in turn slows the Ti-relaxation. With 

respect to surfactant aggregate orientation, a more significant decrease in the Ti- 

relaxation time is expected for the constricted surfactant moiety directed towards the 

inner core of the aggregate than for the part that is forming the outer shell of the 

aggregate. Attempts were made to investigate surfactant orientation in DFP by 

applying this technique using a Bruker 500MHz NMR spectrometer. However, the NMR 

spectra did not show sufficient resolution, especially at low surfactant concentrations, 

hence a more powerful NMR spectrometer would be required for the assessment of 

surfactant orientation in HFAs. Ti-relaxation NMR could be used to confirm the results 

obtained from the fluorescence experiment.

The emulsion homogenization method for the formulation of nanoparticle should be 

investigated in more detail in particular with respect to factors influencing particle size, 

e.g. homogenization speed and time, surfactant concentration and type of surfactants. 

The ability of generating nanoparticles of various sizes would offer an opportunity to 

investigate whether suspending nanoparticles of various sizes in HFAs has an effect on 

the aerodynamic particle size after aerosolization. Alternative methods to the emulsion 

and microemulsion based nanoparticle formulation methods could be investigated such 

as for example nanoprecipitation techniques based on the solvent displacement 

method. This could be applied in aqueous systems as well as in HFAs itself (e.g. DFP) 

allowing the direct transfer of nanoparticles into the propellants.

With respect to the nanoparticle pMDI stability, i.e. crystal growth, investigating a drug 

with lower HFA solubility for the nanoparticle formulation and dispersion in HFAs 

should be considered. Nevertheless, little drug dissolution is likely to occur when 

dispersing nanoparticles (large surface area) that may induce crystal growth. The focus 

should therefore be directed towards measures to inhibit growth processes. PVP
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addition proved to be successful, however, the effects of different PVP concentrations 

should be investigated with the aim of establishing a suspension system in which 

particle sizes are stable even after storage at elevated conditions. Moreover, 

introducing PVP into the pMDI without ethanol may be advantageous since in general 

cosolvent addition should be avoided. One possibility could be the integration of PVP 

directly in the nanoparticle formulation process. Nanoparticles consisting of a PVP 

layer, however, may be difficult to disperse in HFAs due to the low HFA solubility of 

PVP.

In an attempt to improve pMDI performance, it would be interesting to determine 

whether the use of smaller orifices for BDP nanoparticle formulations will affect MMAD 

or FPF in the same way that it does with Qvar™. This may be of more importance with 

higher drug concentrations and in the absence of ethanol.
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Appendix A HLC calibration curve for BDP
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Figure A Peak area versus BDP concentration for HPLC assay

Appendix B HPLC calibration curve for Tyloxapol
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