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Abstract

Biotechnology advances have led to the discovery of new biopharmaceuticals. This 

has subsequently increased the search for new safe and effective delivery systems 

that can be used to administer protein therapeutics via inhalation. The purpose of 

this study was to design, develop and characterise novel delivery systems that can 

be used to administer protein drugs via the pulmonary route for systemic action. 

Lysozyme and insulin were selected as model protein drugs for this study.

Initially, large porous microparticles (LPMs) containing protein (40% w/w) were 

produced by spray-drying emulsions. Protein stability was determined using a 

turbidimetric method and High Performance Liquid Chromatography (HPLC). 

Aerosolisation properties were assessed using a laser diffraction technique and 

multistage liquid impinger (MSLI). Approximately 99% retained activity of 

lysozyme was achieved while HPLC studies showed that insulin was not degraded 

after formulation processing. Aerosolisation studies showed that the LPMs were 

suitable for alveolar deposition, with approximately 44 % w/w was deposited as 

fine particle fraction (FPF<i.7^m).

To increase the protein content of the formulation, nanoparticles containing protein 

(80% w/w) were produced by nanoprecipitation or émulsification processes 

followed by freeze-drying. The nanoparticles were purified by washing off excess 

surfactant and were suspended in HFA 134a using ethanol plus surfactant or 

essential oils (cineole and citral) to form pMDI formulations. Turbidimetric studies 

showed that approximately 98% retained activity of lysozyme was achieved while 

HPLC, size exclusion chromatography, circular dichroism and fluorescence 

spectroscopy studies showed that the native structure of insulin was retained after 

formulation processing. Aerosolisation studies showed that the nanoparticles were^ 

suitable for alveolar deposition, with approximately 45% w/w was deposited as

FPF<i.7pm.

In conclusion, the formulations developed in this study have the potential to deliver 

protein therapeutics via inhalation for systemic action.
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Chapter 1 

Introduction
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1.1 General introduction

Although, the pulmonary route has a potential for systemic delivery of drugs, its use 

has been limited to the delivery of recreational drugs like tobacco. Biotechnology 

advances has led to the discovery of new drugs that are based on biological 

molecules and this has intensified the search of alternative routes to invasive 

methods for the delivery of biopharmaceuticals. This has subsequently triggered the 

search for new delivery systems that can deliver protein/peptide therapeutics 

through inhalation for systemic action to treat chronic disorders like diabetes, 

osteoporosis and multiple sclerosis.

Peptides and proteins are biological molecules that are made of amino acids. When 

amino acids are linked together they form a residue and a short chain of residues 

with a defined sequence is known as a peptide. There is no maximum number of 

residues in a peptide, but the term is appropriate to a chain if its physical properties 

are those expected from the sum of its amino acid residues and if there is no fixed 

three-dimensional conformation. The term protein is usually reserved for those 

polypeptides that occur naturally and have a definite three-dimensional structure 

under physiological conditions (Creighton, 1993).

The significance and remarkable scope of protein and peptide functions includes 

enzymatic catalysis, immune protection and control of growth and differentiation. 

Proteins form receptors, enzymes, structural components, antibodies, etc while 

peptides form hormones, neurotransmitters, or substrates. Since peptides interact 

with proteins frequently, it has been proposed that they are derived from receptor 

protein precursors (Goldstein and Brutlag, 1989).

1.2 Fundamentals of protein structure

Despite the diverse biological functions, proteins are a relatively homogeneous 

class of molecules. They are the same type of polymer, built of various 

combinations of the same twenty amino acids. However, they differ in the sequence 

in which the amino acids are assembled to form the polymeric chain. The secret to
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their functional diversity partly lies in the chemical diversity of the amino acids but 

primarily in the diversity of the three-dimensional structures that these building 

blocks can form.

The unique assembly of amino acids forms the molecule’s primary structure. The 

steric order that is fixed by hydrogen bonds between two chains or different regions 

of the same peptide chain forms the secondary structure of the molecule. The 

overall spatial packing (folded state) of the various secondary structure elements is 

called the tertiary structure of the protein. The specific association of two or more 

protein chains is known as the quaternary structure (three dimensional order). Each 

of these structural levels of a protein has been discussed in the subsequent sections 

of this chapter.

1.2.1 Amino acids

There are twenty naturally occurring amino acids. They possess a central carbon 

atom, the a-carbon, to which is attached a carboxyl group, an amino group, a 

hydrogen atom and a side chain (fig. 1.1). The side chain is different in each amino 

acid and it possesses a variety of chemical properties. This variety is enhanced 

when the various groups are combined in various sequences in a single molecule, 

which gives proteins diverse properties.

C - COOH

R = Side chain (Functional group of amino acid)

Figure 1.1: General structure of an amino acid

Glycine is the simplest amino acid with only a hydrogen atom as a side chain. The 

absence of a larger side chain in glycine gives the polypeptide backbone at glycine 

residues much greater conformation flexibility than at other residues. It is non-chiral 

while all other amino acids have a chiral centre and therefore they exist as isomers 

with L-enantiomers occurring naturally.
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Amino acid side chains are vulnerable to constructive physicochemical alterations 

(e.g. hydrogen bonding, hydrophobic interactions, etc) that stabilise the native 

conformation of proteins while sometimes they can be involved in destructive 

physicochemical alterations (such as acétylation, deamidation, etc) that compromise 

the native conformation of proteins and consequently they lose their biological 

activity (Wilcox, 1972; Riordan and Vallee, 1972; Hunter and Ludwig, 1972; 

Schechter, 1986; Clarke and Geiger, 1987; Creighton, 1993). This makes protein 

labile molecules that are susceptible to degradation and therefore difficult to 

formulate and process protein therapeutics.

1.2.2 The primary structure of proteins

The primary structure of the protein is defined by the amino acid sequence and any 

post-translational covalent modifications. The definition does not account for any 

spatial arrangement of disulphide linkages apart fi-om the configuration at the alpha 

carbon atom of the amino acids.

The amino acids are linked to each other by a peptide bond (fig 1.2) to form the 

peptide backbone. The peptide bond nearly always has the trans configuration since 

it is intrinsically favoured energetically, probably owing to less repulsion between 

the non-bonded atoms. However, the cyclic side chain of proline diminishes the 

repulsions between atoms, and the intrinsic stability of the cis isomer is comparable 

to that of the trans isomer (Schulz and Schirmer, 1990). Thus, proline is found in 

the cis configuration more fi-equently than other amino acids.

HOOC

Peptide bonds
Amino
terminus

Carboxy
terminus

Figure 1.2: The peptide bond (Stryer, 1981)
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The peptide backbone is not very reactive cbemically and the only groups that are 

ionised are the terminal a-amino and carboxyl groups. However, a proton is added 

or lost to internal peptide bonds at extreme pH. At extreme pH, when protonation or 

deprotonation of the peptide bond becomes significant, the polypeptide chain is 

usually hydrolysed to the substituent amino acids (Martin and Sigel, 1982). For 

instance the standard method of determining the amino acid composition of proteins 

is to incubate them at about 105^C for approximately 24 b in 6  M HCl in order to 

hydrolyse the peptide bonds. However, peptide bonds are hydrolysed in 

physiological conditions and their half-life has been measured to be around 7 years 

at neutral pH and room temperatures (Kahne and Still, 1988). This decreases to 

about 1 min at 250°C (White, 1984).

1.2.3 The secondary structure of proteins

The secondary structure of a protein can be described as the local conformation of 

the polypeptide backbone. It is characterized by a variety of conformations (i.e. 

helices, p-sheets and turns) and the regularity of these conformations is a result of 

the regularity of the primary structure because all the identical residues tend to 

adopt the same conformation. A typical protein has 31% of its residues in the a- 

helix conformation, 28% in the p-sheet conformation and the rest in other 

conformations such as turns or p-bends (Banga, 1995).

1.2.3.1 The helices

The right-handed a-helix is the common secondary structure encountered in 

proteins. A left-handed a-helix is possible although in this case the side chains are 

too close to the backbone making this conformation less stable than the right- 

handed version and is rarely encountered (Creighton, 1993). The formation of the a- 

helix is spontaneous and is stabilized by intrachain hydrogen bonds between the 

amide nitrogen and carbonyl carbon of peptide bonds spaced four residues apart.
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This orientation of hydrogen bonds produces a helical coiling of the peptide 

backbone such that the side chains lie on the exterior of the helix and perpendicular 

to its axis. Some amino acids like proline do not favour the formation of an helix as 

their structure significantly restricts movement about the peptide bond in which it is 

present, thereby, interfering with extension of the helix. The disruption of the helix 

is important as it introduces additional folding of the polypeptide backbone to allow 

the formation of globular proteins.

Variations on the a-helix in which the chain is either more tightly or loosely coiled 

are designated as 3io-helix and 7i-helix respectively. The packing of the backbone 

atoms is too tight in the 3io-helix and the hydrogen bonds are non-linear. 3io-helix is 

observed only in special circumstances in a-aminoisobutyric acid (unnatural amino 

acid) or at the ends of a-helices. Its name refers to the occurrence of 3 residues per 

turn and 10 atoms between the hydrogen-bond donor and acceptor. According to 

this nomenclature, the a-helix is a 3.6 1 3 -helix. The 7c-helix is wound less tightly and 

would have a hole down the middle in such a way that the backbone atoms are not 

in contact. However, this helix has not been observed and therefore it is only 

theoretical (Creighton, 1993).

1.2.3.2 The p-sheet

The p-sheet (also p-pleated sheet) is a commonly occurring form of regular 

secondary structure in proteins. It consists of two or more amino acid sequences 

within the same protein that are arranged adjacently and in parallel, but with 

alternating orientation such that hydrogen bonds can form between the two strands. 

The N-H groups in the backbone of one strand establishes hydrogen bonds with the 

C =0 groups in the backbone of the adjacent parallel strand. The cumulative effect 

of multiple hydrogen bonds arranged in this way contributes to the sheet’s stability 

and structural rigidity and integrity, p-sheets are either parallel or anti-parallel. In 

parallel sheets, adjacent peptide chains proceed in the same direction (i.e. the 

direction of N-terminal to C-terminal ends is the same), whereas, in anti-parallel 

sheets adjacent chains are aligned in opposite directions. Anti-parallel sheets are
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thought to be more stable than parallel sheets although this may depend on which 

amino acid side chains are present (Creighton, 1993).

1.2.3.3 The turns

Turns are compact U-shaped secondary structures stabilized by a hydrogen bond 

between the end residues that form the U-shape. They are primarily located on the 

surface of a protein, forming a sharp bend that redirects the polypeptide backbone 

back toward the interior. Glycine and proline are commonly present in turns. The 

lack of a large side chain in the case of glycine and the presence of a built-in bend 

in the case of proline allow the polypeptide backbone to fold into a tight U-shaped 

structure. Without turns, a protein would be large, extended, and loosely packed. 

Antibody recognition, phosphorylation, glycosylation, and hydroxylation sites are 

found frequently at or adjacent to turns.

There are various types of turns, which are mainly characterised by the number of 

residues comprising them. The y turns have three residues involved in their 

formation where one residue is not involved in the hydrogen bonding of the sheet. 

They are very tight turns that require unfavourable geometry for the adjacent 

hydrogen bond of the p-sheet and unusual dihedral angles in the central residue of 

the turn. The P turns are the most common and they contain four residues where two 

of them are not involved in the hydrogen bonding. They exist as type I, II, and III 

on the basis of allowed polypeptide geometry with planar trans peptide bonds 

(Creighton, 1993). The mirror images of y and p turns also exist but are rare. A 

polypeptide backbone also may contain long bends, or loops. In contrast to turns, 

which exhibit a few defined structures, loops can be formed in many different ways.

1.2.4 The tertiary structure of proteins

The tertiary structure refers to the complete three-dimensional structure of the 

polypeptide units of a given protein. This refers to the spatial relationship of 

different secondary structures to one another within a polypeptide chain and how 

these secondary structures themselves fold into the three-dimensional form of the
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protein. The folded structures of most small proteins are roughly spherical in shape 

with irregular surfaces. The folded structures of most proteins that have more than 

200 residues appear to consist of two, three, or more structural units usually referred 

to as domains that interact to varying extents, but less extensively than do structural 

elements within domains. Overall the folded structure assumes a shape whereby the 

polar groups of the protein orientate towards the surface while the hydrophobic 

groups are closely packed in the interior. Disulphide bonds (also sometimes called a 

disulphide bridge) largely maintain tertiary structure and they are formed between 

the side chains of cysteine by oxidation of two thiol groups (SH) to form a 

disulphide bond (S-S). Other forces that maintain the tertiary structures include salt 

bridges, hydrogen bonding, hydrophobic interactions, electrostatic interactions and 

van der Waals forces.

1.2.5 The quaternary structure of proteins

Quaternary structure is the highest level of protein structural organization that 

describes the three-dimensional arrangement of oligomeric proteins composed of 

multiple polypeptide chains (each called a 'monomer’ or ‘subunit'). Oligomeric 

proteins can be composed of multiple identical polypeptide chains or multiple 

distinct polypeptide chains. Proteins with identical subunits are termed 

homooligomers while the ones containing several distinct polypeptide chains are 

termed heterooligomers. Generally, quaternary structure results from association of 

independent tertiary structural units through surface hydrophobic interactions. 

When a single monomer folds into a three-dimensional shape to expose its polar 

side chains to an aqueous environment and to shield its non-polar side chains, there 

are still some hydrophobic sections on the exposed surface. Two or more monomers 

will assemble so that their exposed hydrophobic sections are in contact. The most 

common example used to illustrate quaternary structure is the haemoglobin protein. 

Haemoglobin’s quaternary structure is the package of its monomeric subunits. 

Haemoglobin comprises four monomers. There are two a-chains, each with 141 

amino acids and; two p-chains, each with 146 amino acids. Because there are two 

different subunits, haemoglobin exhibits heteroquatemary structure. If all of the 

monomers in a protein are identical, there is homoquatemary structure.
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1.3 Stabilisation of proteins

1.3.1 Factors affecting protein stability

Temperature is one of the factors that can lead to unfolding of protein (Seckler and 

Jaenicke, 1992). Several globular proteins have the maximum free energy in a 

temperature range between IOC and 40 C while RNase A undergoes both cold (- 

22 C) and heat (40 C) dénaturation (Zhang et al., 1995). Sometimes, heat 

dénaturation can be reversed, such as, the aggregation of recombinant consensus a- 

interferon (Ip et al., 1995) and precipitation of growth hormone (Charman et al.,

1993). However, heating for a longer period (10 h) causes irreversible dénaturation 

of protein (Kosa et al., 1998). In thermodynamic terms, the stabilizing enthalpic 

(intermolecular interactions) and destabilizing entropie (loss of conformational 

entropy of native state) forces determine the stability of proteins. High temperature 

weakens the hydrogen bonding, strengthens hydrophobic interactions and the 

electrostatic interactions undergo no significant changes due to their entropie 

origin. Hydrophobic interaction increases until the temperature reaches about HOC 

when water does not solvate non-polar groups in proteins.

Typically, proteins are least soluble and most stable at their isoelectric points (pis). 

At the pH of the pi, the positive and negative charges are equal and the protein 

structure is stabilized by the opposing charges. In an acidic or basic environment, 

protein stability is influenced through changes in the electrostatic free energy of the 

protein, as the ionisation states of the ionisable groups of the protein are changed. 

The further the pH from the pi, the more repulsive forces will be generated until the 

repulsive forces exceed the stabilising forces and lead to the loss of the native state. 

The pKa values of charged groups in the folded state change in the unfolded state 

and these changes in the pKa values of the ionisable groups between native and 

denatured states disrupt the native structure of the protein (Creighton, 1993).

Extreme pH can promote side chain hydrolysis and transpeptidation of asparagine 

and glutamine (Joshi et al., 2005) as well as racemization of many amino 

acids. High pH promotes cysteine disulfide exchange and oxidation of methionine
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and tryptophan. Moreover, pH also affects the rate of aggregate formation. 

However, some proteins tolerate extreme pHs without unfolding (Goto et al.,

1994). The acidic transition under low salt condition is reversible, while alkaline 

transition may or may not be reversed depending on the time period under high-pH 

conditions (Goto and Fink, 1989).

Aggregation of proteins has been reported to increase with increased of protein 

concentration (Goldberg et al., 1991). Brange et al (1997) demonstrated the increase 

of insulin fibril formation with increasing concentration of bovine insulin. Chemical 

degradation of proteins, especially disulphide formation in proteins with rich 

cysteine residues is also affected by protein concentration. However, higher protein 

concentration can decrease the oxidation rate, such as methionine in human insulin

like growth factor I, due to the limited amount of available oxygen in the solution 

(Brange et al., 1992). Higher concentration of proteins favours the retention of 

protein activity decreasing surface absorption to containers. In addition, higher 

concentrations of proteins can better resist both fi*eeze-thawing and fi-eeze-drying 

aggregation. Steric repulsion of the neighbouring proteins inhibits the unfolding of 

proteins at high concentrations during freezing, while less surface areas of the ice- 

water interface are formed in concentrated proteins leading to lesser amount of 

protein that will be accumulated and denatured at the interface.

Polymorphism, purity and sources are all important for protein stability. Protein 

purity is one of the most important parameters determining the protein quality. 

Different sources and manufacturers of proteins provide veiy different stability 

(Brange et al., 1992). Any presence of trace amounts of metal ions or other 

contaminants potentially affects protein stability. Most proteins are large 

molecules, which are not well organized and are amorphous. This causes their 

inherent instability since crystalline forms of drugs are more chemically stable 

compared with amorphous forms. For insulin, the total hydrolytic transformation at 

the B3 position of the amorphous (or soluble) insulin is significantly higher than 

that of the crystalline form (Brange et al., 1992). However, during lyophilisation, 

the freeze-dried amorphous insulin is much more stable than crystalline insulin
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against deamidation and dimerization, while the water content is less than 15% 

(Pikal, 1994).

Protein structural stability in the solution is associated with stabilizing agents that 

are preferentially excluded from the native protein, in contrast to the dénaturants, 

which are preferentially bound to the denatured proteins. The stabilizing, 

destabilizing, precipitating, and solubilising properties of these agents depend on 

the balance between the affinities of the proteins for water and the agent 

(Timasheff, 1992).

Protein formulation and manufacturing are often subject to physical processes (e.g. 

mixing, flow both in solution and in powder form, filtration, and pumping) that 

cause shear deformation as well as adsorption at interfaces. Usually loss of activity 

is proportional to the shearing time of proteins (Lencki et al., 1993). Protein 

stability can be predicted by measuring the interfacial shear rheology of adsorbed 

protein layers and the effects of additives (McNally, 2000)

Proteins are amphiphilic molecules that have a tendency to migrate from the bulk 

phase to the various interfaces encountered. Although electrostatic and other forces 

may be involved in the adsorption process, the hydrophobic interaction is the major 

determinant of protein adsorption. Proteins unfold at the interface, exposing their 

hydrophobic residues to the hydrophobic environment, leading to the loss of tertiary 

and quaternary structures. The loss of structure increases the rotational freedom 

along the polypeptide chain and the ensuing entropy gain is the major driving force 

for adsorption (Lee et al., 2005). The degree of interface adsorption varies between 

proteins, and is not dependent o p ^ e  isoelectric point and size of the proteins 

(Bueke et al., 1992). The pH, ionic strength, components of the medium, nature and 

concentration of protein, temperature, time and the properties of the 

surface/interface affect the degree of the adsorption.

Surfaces for potential inactivation of proteins include delivery pumps, silicone 

rubber tubing, glass and plastic containers and polymeric surfaces in protein drug 

delivery systems (Tzannis et al., 1997). Agitation of protein formulations can lead
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to adsorption and later-on aggregation of protein at the interface of the liquid with 

container walls or air, subsequently leading to inactivation of proteins. The type of 

container or membrane significantly influences protein adsorption to its surface. 

Proteins in untreated glass, silicone-treated glass, and polypropylene have the least 

binding to their surfaces, while for certain proteins sulphur-treated glass and 

polyester containers have the higher adsorption (Brose and Waibel, 1996).

1.3.2 Formulation to stabilise protein

It is difficult to maintain the stability of protein so that efficacy, potency and safety 

are ensured throughout the production process, shelf-life, transportation and until 

the time of administration. Various excipients are included in the formulation to 

protect a protein drug against multiple degradation pathways. Some common 

attributes of desirable excipients include aqueous solubility, non-toxicity, non- 

reactivity, rapid clearance from the body, absence of immunogenicity as well as 

stabilizing the native conformation of the protein during processing, storage and 

administration to the patient. Solutes/excipients that are used to stabilize protein 

during processing and storage include surfactants, sugars and/or polyols, polymers 

and poly-amino acids, lyotropic salts and methylamines (Carpenter et al., 1990).

Except for sodium dodecyl sulphate (SDS), most surfactants both anionic and non

ionic are applicable for protein stabilization as well as facilitating their delivery 

transdermally and intranasally (James et al., 1981). Surfactants bind to the proteins 

and reduce their available hydrophobic surface areas. This subsequently decreases 

the proteins’ self-association and any deleterious interactions with non-specific 

hydrophobic surfaces. It also prevents surface-induced deactivation and inhibits 

aggregation and precipitation of proteins (Piatigorsky et al., 1977). Non-ionic 

species such as Tweens and Pluronics can prevent proteins from adsorbing onto 

surfaces and this inhibits aggregation and precipitation of protein (Mumenthaler et 

al., 1994; Maa et al., 1998). However, the use of surfactants for long-time 

stabilisation of proteins has been unsuccessful. Studies have also shown that 

Tween 20 and Tween 80 at various concentrations inactivated proteins stored at 

40 C and 60 C (Kreilgaard et al., 1998; Aldler and Lee, 1999).
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It is known that the chemical stability of proteins in the solid state is enhanced by 

the presence of carbohydrates that act as both cryoprotectants and lyoprotectants. 

There are two main theories that have been postulated with respect to the molecular 

mechanism by which carbohydrates stabilise proteins during drying (i.e. water 

replacement and glassy state theory). Carpenter et al (1993) have described the 

water replacement hypothesis that states that carbohydrates can make multiple 

external hydrogen bonds which replace the essential structural water molecules that 

are hydrogen-bonded to proteins, and thus maintain the molecular structure. The 

glassy state theory postulates that as the drying continues and the carbohydrate in 

the solution undergoes glass transformation, an amorphous continuous phase is 

formed in which molecular motion is inhibited and thus degradative molecular 

reactions are kinetically insignificant (Levine and Slade, 1992; Franks, 1994). 

However, these hypotheses are not sufficient to explain absolute mechanisms by 

which proteins are stabilized by carbohydrates and the issue is still in debate. 

Colaco et al (1994) have suggested that the relative chemical stability and non

reducing nature of trehalose may be significant features in its mechanism of action, 

especially with regard to the long-term stability observed at high temperatures.

Tanaka et al (1991) showed that carbohydrates protected proteins by direct 

interaction with the proteins and the minimum amount of carbohydrates required to 

reach maximum stabilization is the concentration of carbohydrate sufficient to form 

a monomolecular layer on the protein surface. After reaching the concentration of 

the “saturating” layer, a further increase in the excipient concentration will not 

improve, or may even decrease the stability of proteins (Allison et al., 1998). 

However, different sugars /polyols can have similar or different degrees of protein 

protection, depending on the formulation type, concentration, and the properties of 

the stabilizers, and their compatibility with the proteins (Ward et al., 1999). 

Comparatively, larger carbohydrates are ineffective, which indicate that sugars 

stabilize proteins through their glucoside chain lengths, and a long chain length may 

interfere with intermolecular hydrogen bonding between proteins and sugars.

Among the most commonly used disaccharides (sucrose and trehalose), trehalose is 

preferable for biomolecules due to its higher glass transition temperature. The
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advantages of trehalose include the more flexible formation of hydrogen bonds with 

proteins (due to the absence of internal hydrogen bonds), less hygroscopicity, low 

chemical reactivity, and prevention of water to plasticize the amorphous 

phase partly by forming trehalose-protein-water microcrystals (Librizzi et al.,

1999). Trehalose appears more effective in stabilising proteins against damage 

caused by drying or freezing than other sugars. Trehalose has been shown to help 

maintain delicate protein structures after thawing and to stabilize disulfide bonds, 

thereby inhibiting the formation of odours and off-flavours. As trehalose is not a 

reducing sugar it does not undergo Maillard-type browning reactions. Trehalose has 

excellent thermal and hydrolytic stability over a broad pH range and this is provides 

flexibility during formulation processing. In addition, trehalose has a low 

hygroscopic profile which is a main advantage compared to other sugars. It appears 

that trehalose could be of benefit compared with other sugars in dry blending 

operations in which low hygroscopicity is desired. The water content of trehalose 

dihydrate remains stable (9.54%) up to a relative humidity of approximately 92% 

and this would be an advantage during dry powder inhalation products processing 

(Richards et al., 2002).

However, sucrose (a non-reducing sugar) can be as effective as trehalose, 

depending on both the protein and sugar concentration (Kreilgaard et al., 1999). 

Actually, 5% trehalose increased the inactivation of lactate dehydrogenase while 

sucrose stabilised it, which indicated that the type of sugar and its subunit 

orientation might cause different levels of stabilization of lactate 

dehydrogenase (Carpenter et al., 1986).

Other sugars/polyols that can stabilize proteins during freezing and thawing include 

lactose, glycerol, xylitol, sorbitol, and mannitol at 0.5-1 M (Carpenter et al., 1990) 

as well as sucrose, maltose, glucose or inositol (Carpenter et al., 1986). Higher 

concentrations of these sugars/polyols are used for lyoprotection. Disaccharides 

(such as trehalose, sucrose, maltose and lactose) are the best stabilizers, equal to or 

better than monosaccharides (such as glucose, galactose) in stabilizing proteins 

without the Mailard reaction (Crowe et al., 1993).
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The physical state of sugars used as excipients for protein formulations can also 

play a significant role in providing suitable aerosol performance. It has been 

reported that when recombinant humanized anti IgE monoclonal antibodies 

(rhuMAbE25) were spray dried with 10, 20, and 30% mannitol, the spray-dried 

powders with 10 and 20% mannitol remained amorphous during storage while the 

powder with 30% mannitol crystallized. The fine particle fraction for the powder 

with 10 and 20% mannitol was maintained at 30-40% during storage for 36 weeks 

at 30®C while the fine particle fraction of the powder with 30% mannitol exhibited a 

dramatic decrease upon storage due to mannitol crystallization and an increase in 

particle size (Costantino et al., 1998).

Polymers/proteins can also stabilise protein in the formulations. The mechanisms by 

which polymers/proteins stabilize protein are varied, such as: surface activity, 

preferential exclusion, steric hindrance of protein-protein/polymer interactions, and 

limited protein structural movement due to increased viscosity (Wang, 1999). 

Hydroxypropyl-p-cyclodextran is one of the most valuable polymer stabilizers due 

to its safety and solubilising properties. Bovine serum albumin (BSA), polyvinyl 

pyrrolidine (PVP), hydroxyethyl cellulose have been shown to fully protect protein 

at certain concentrations. Other useful polymers include polyethylene glycol 

(PEG), carboxymethyl cellulose, dextran, heparin, gelatin, poly-L-glutamic acid, 

and poly-L-Lysine (Zhang et al., 1995). Dextran was reported to stabilize proteins 

by increasing the glass transition temperature (Tg) and inhibiting crystallization of 

small stabilizing excipients, such as sucrose (Skrabanja et al., 1994). PEG 3350, 

dextran, PVP and BSA can dramatically inhibit the pH drop during fi*eezing and 

inhibit the crystallization of small molecules due to increased polymer-induced 

viscosity (Slade et al., 1989).

Many sulphated polysaccharides, sulphated polymers, and poly-amino acids (such 

as poly-aspartic acid and poly-glutamic acid) can stabilise proteins through multiple 

electrostatic interactions. Increasing the sulphating level of both heparin and 

sulphated-p-cyclodextran caused significant improvement in the stability of acidic 

fibroblast growth factor, given that the sulphate ions bind to specific sites in acidic 

fibroblast growth factor (close to lysine 118 /lysine 112 /arginine 22). On the
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contraiy, poly-arginine, a positively charged polymer, destabilizes acidic fibroblast 

growth factor. Similarly, poly-anions can decrease the aggregation of recombinant 

human kératinocyte growth factor dramatically (Chen et al., 1994). All poly-anions 

that stabilize acidic fibroblast growth factor against heat-induced aggregation also 

stabilize the proteins partially against copper-catalysed oxidation (Volkin et al., 

1993). Heparin is the most effective polymer to inhibit the chemical degradations 

in proteins. It can be explained by the dominant interaction of polymers with the 

protein and chelation of divalent metal cations.

However, the capability of polymer to stabilise proteins can be compromised at 

certain conditions or concentrations in the formulation. PVP sometimes fails to 

protect proteins due to its relative hydrophobicity as temperature increases. The 

increased hydrophobicity favours preferential binding to proteins that causes protein 

unfolding because the unfolded state has more hydrophobic binding sites. Polymers 

may cause phase separation during fi"eezing to destabilize proteins. Dextrans at 

very high concentrations destabilize proteins due to their inability to form enough 

hydrogen bonds with the proteins (Allison et al., 1999). Also, during storage, 

dextrans may increase protein aggregation due to inflexible dextran molecules 

interacting with proteins by hydrogen bonding (Lueckel et al., 1998).

Salts in the formulation can also stabilize proteins, and their stabilizing capability 

depends on the type and concentration, nature of the ionic interactions, and the 

charged residues in a protein (Kohn et al., 1997). By increasing ionic strength of a 

solution, salts increase hydrophobic interactions^ thus decreasing the solubility of 

hydrophobic groups in proteins. In addition, salts can preferentially be excluded 

from the proteins as solvates and this can make proteins more compact and stable. 

By increasing ionic strength and possibly decreasing long-range electrostatic 

repulsion between the net charges, sodium chloride can stabilize BSA, i.e. increase 

its enthalpy and dénaturation temperature. Sometimes the contribution of anions 

and cations in salts can be opposite. For example, GdnHCl at less than 0.3 M 

stabilises RNase T1 against thermal and urea-induced unfolding due to the 

stabilising effect of Cl" anions, but at a concentration of 3.0 M it decreases the 

melting temperature (Tm) from 60 C to 25 C. Sodium chloride also showed a storage
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stabilising effect by inhibiting aggregation of the protein (Schwendeman et al., 

1995), whereas (GdnH)2 S0 4  at 3M stabilised the proteins by increasing their Tm by 

IOC due to the stabilizing effect of S0 4 ’̂ anions (Mayr and Schmid, 1993; 

Timasheff, 1998).

Some metal ions (Ca^^, Mg^^, Zn^^ can bind to thermophilic proteins to make the 

proteins more rigid, compact and stable (Mozhaev and Martinek, 1984). However, 

the effect of metal ions on protein stability can be greatly influenced by the negative 

counter-ions. The negative ions increase the melting temperature and enthalpy of 

unfolding of albumin in the following order: T>Br'>Cr>F‘. By contrast, sometimes 

chelating agents are used to stabilize proteins by decreasing the destabilizing effects 

of the metal ion contaminations.

An in-depth analytical characterization of a protein and its interaction with the 

environment of the envisioned dosage form are the pre-requisite for rational 

formulation development. An accurate analytical profile of a drug and its 

formulation fulfils the requirements of regulatory agencies, and is essential since the 

presence of impurities can affect the safety and efficacy of the pharmaceutical 

product. Furthermore, knowledge about the structures of the impurities is very 

useful for the process optimization of the drug substance and its formulated version. 

After formulation, the drug product containing the protein therapeutic is 

characterised in order to identify content, primary, secondary, tertiary and 

quatemaiy structure as well as identification of physicochemical changes such as 

deamidation, racemization, oxidation, aggregation etc. In these processes, several 

protein chemistry techniques are utilised {Table 1.1).
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Table LI: Some analytical techniques used to characterise protein formulations 
_________ (Cleland and Langer, 1994)___________________________________
Chemical Alterations Technique

Charge alteration 
(e.g. deamidation)

• Isoelectric focussing
• Ion exchange chromatography
• Native electrophoresis
• Reversed-phase HPLC

Neutral alterations 
(e.g. methionine oxidation)

• Reversed-phase HPLC
• Hydrophobic interaction chromatography
• Amino acid analysis
• N- and C-terminal sequencing

Polypeptide cleavage • Size exclusion chromatography
(proteolysis or terminal • Reversed-phase HPLC
processing) • SDS polyacrylamide gel electrophoresis

• Isoelectric focussing

Disulfide alteration • SDS polyacrylamide gel electrophoresis
• Reversed-phase HPLC

Physical Alterations
• Far-UV circular dichroism

Altered secondary structure • FTIR
• Near-UV circular dichroism

Altered tertiaiy structure • UV absorption spectroscopy
• Fluorescence spectroscopy
• Size exclusion chromatography

Aggregation • Light scattering
• Analytical ultracentrifugation

1.4 Protein therapeutics

Technological advances in drug development and biological sciences are allowing 

for the rapid development of new diagnostic methods and drugs based upon 

biological molecules. The discovery of recombinant DNA and monoclonal antibody 

technologies in the 1970s marked the birth of the biopharmaceutical industry. 

Biopharmaceuticals are complex macromolecules derived from recombinant DNA 

technology, cell fusion, or processes involving genetic manipulation as well as 

biologies derived from natural sources. They include recombinant proteins, 

genetically engineered vaccines; therapeutic monoclonal antibodies; and nucleic 

acid based therapeutics (i.e. DNA based drugs), including gene therapy vectors. 

Figure 1.3 indicates the number of biopharmaceuticals approved by 2003.
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□ hGH deficiency
□ Cancer
□ Hepatitis
□ Haemophilia
m Myocardial infarction
□ Diabetes

F igurel.3 : N um ber o f  approved biopharm aceuticals (by 2003) in six m ajor markets 
(G ary, 2003).

By m id-2000, 84 biopharm aceuticals had been approved for m arketing. W orldwide 

sales had reached US$15 billion by 1998. N orth A m erica forms the biggest market 

o f  biopharm aceuticals due to a com bination o f  earlier regulatory approval, easier 

m arket acceptance, and greater pricing flexibility than other countries. Although 

biopharm aceuticals com prise only 5% o f  world prescription drug sales, they 

account for six o f the top 50 selling drugs, 13% o f new m edicines approved by the 

FDA in the 1990s and about 18% o f  all drugs in development. A t the end o f  1999, 

there w ere 369 biotechnology drugs in US clinical developm ent for 438 disease 

indications w ith 25% in Phase III trials.

The first drug produced via genetic engineering was hum an insulin, w hich appeared 

on the m arket in 1982. To date several pharm aceutical com panies are developing 

pulm onary insulin delivery system s (Table 1.2). These preparations are designed; a) 

to release an aerosol cloud w ith a M M A D o f  1 -5 pm  (Klonoff, 1999) and, b) to be 

used in the place o f  subcutaneous injections o f rapid-acting insulin preparations 

w ith m eals (inhaled between 1 0 - 1 5  minutes before meal, Davidson et al., 2006) 

They fall into two main groups: solution and dry pow der form ulations, which are 

delivered through different patented inhaler systems.
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Table 1.2: Inhaled insulin preparations under development (Data extracted from

Name Form
of
Insulin

Time to
peak
(minutes)

Bioavailability 
(% relative to 
subcutaneous 
dose)

Regulatory
Status

Maker

Exubera Dry 60 10 Approved Pfizer,
powder Necktar

Air Dry 3 0 - 4 5 - Phase III Eli Lilly,
powder trials Alkermes

Technosphere Dry 39 18 Phase III MannKind
powder trials

AERx iDMS Aerosol 49-65 13-17 Phase III Novo -
liquid trials Nordisk

However, an extended release version has been developed in the form of large 

porous microparticles. The density of the particles is less than 0.4 g/cm^, which 

allows particles over 5 pm in geometric diameter to deposit into the deep-lung 

region. In a comparison with small, nonporous insulin particles, these large porous 

particles had a 24 times longer duration of action (4 hours versus 96 hours). 

Alkermes is currently conducting the Phase II clinical trial, and Eli Lilly is 

providing the financial support for product development (Mandai, 2005).

Preliminary data indicate that patients converting from insulin injections to this 

system showed higher compliance to therapy, demonstrated by improved glycémie 

control (Mandai, 2005). In humans, inhaled regular insulin is more rapidly absorbed 

(peak concentrations achieved in 30-65 minutes. Table 1.2) than insulin from the 

subcutaneous injection site (peak concentrations achieved in 119 minutes. Mandai, 

2005). However, the efficiency of inhaled insulin is lower than that of subcutaneous 

injection because pulmonary delivery of insulin is compromised by a loss of drug 

within the device and the environment, deposition onto throat and bronchial tubes, 

and incomplete absorption from the alveoli (Mandai, 2005). The current 

technologies have approximately 10 to 20% efficiency compared to subcutaneous 

dose with varying peak activity of inhaled regular insulin (Table 1.2, Davidson et 

al., 2006). In addition, efficiency of inhaled insulin is compromised when 

administered to patients who have impaired lungs due to pulmonary diseases and 

smoking.
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1.5 Delivery routes of protein/peptides

The choice of a delivery route is driven by patient acceptability, the properties of 

the drug, access to a disease location, or effectiveness in treating a specific disease. 

Proteins do not easily cross-mucosal surfaces and biological membranes; they are 

readily denatured or degraded, prone to rapid clearance in the liver and other body 

tissues and require precise dosing. This has limited the choice of delivery route to 

invasive injectable routes. Recently, scientists have started exploring other ways of 

delivering protein therapeutics into the body. This has extended to potential non- 

invasive routes such as the pulmonary route.

The pulmonary route can offer the potential for needle fi'ee, systemic delivery of 

therapeutic proteins and peptides. Research into lung delivery is driven by the 

potential for successful protein and peptide drug delivery, and by the promise of an 

effective delivery mechanism for gene therapy. Pulmonary drug delivery offers both 

local targeting for the treatment of respiratory diseases and increasingly appears to 

be a viable option for the delivery of drugs acting systemically. Recombinant 

human deoxyribonuclease (rhDNase) was the first protein approved for inhalation 

therapy to treat cystic fibrosis (Cipolla et al., 1994). Patients with cystic fibrosis are 

given 2.5 mL of a 1 mg/mL solution of rhDNase by nebulization (BNF, 2006).

The lung offers a very large surface area (Stone et al, 1992) for drug absorption 

(alveoli surface area = 102 ± 21 m^) when compared with other mucosal sites such 

as the nasal, buccal, rectal and vaginal cavities. The relatively low extra-cellular 

enzymatic activity of the pulmonary membrane makes it a favourable absorption 

environment for peptides and proteins (Lee, 1991). This suggests that the dose 

needed to produce a pharmacological effect can be reduced and gastro-intestinal 

degradation can be avoided. There is a rapid onset of action for locally acting 

peptide/protein drugs. The thinness of the blood-air barrier and an abundant blood 

supply allows fast diffiision of drug molecules to the circulatory system, which 

rapidly distributes molecules throughout the body (Wall, 1995; Adjei and Gupta,

1997). Most importantly, it has been shown that proteins and peptides are safe to be 

administered through the lung. Clinical studies for inhaled DNase, insulin,
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interferon y, interferon a, leuprolide acetate, and a-1-antitrypsin showed virtually 

no adverse lung reactions (Wolff, 1998).

1.6 Respiratory tract

It is important to understand the fundamental lung anatomy and physiology in order 

to understand the opportunities and difficulties associated with drug delivery via the 

respiratory tract. The exchange of oxygen (required for energy production in the 

body) and carbon dioxide (produced as waste in the body) between the atmosphere 

and blood is the fundamental function of the respiratory system (Sherwood, 1993).

1.6.1 The anatomy of the respiratory tract

The respiratory tract can be divided into upper and lower airways. The upper 

airways comprise the mouth, larynx and pharynx while the lower airways include 

the trachea to the alveoli (Suarez and Hickey, 2000). Starting from the mouth, the 

respiratory tract extends through the pharynx and down to the trachea. At the base 

of the trachea, the airways divide into left and right bronchi, which enter the left and 

right lung respectively.

Inside the lung, the airways continue to divide to a symmetric dichotomously 

branching system. It is characterised by decrease in both the diameter and length of 

the tubules according to the successive branching but geometrically increasing the 

number of airways, results in dramatic increase in surface area. The bronchus of the 

right lung is larger and at a lower angle in a position more likely to receive inhaled 

material.

Eventually the bronchioles terminate in the alveolar sacs. There are about 300 

million alveoli in the lung, each having a diameter of 300 pm (Sherwood, 1993). 

The total surface area of the alveolar region is found to average 102 ± 21 m  ̂(Stone 

et al., 1992). Because the lungs receive the entire cardiac output, their blood flow is 

as high as 5700 mL/min, more than five times that of the portal system (1125 

mL/min), including the stomach, ileum and colon (Malik et al., 1976).
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1.6.2 The cellular profile of the respiratory tract

The cellular profile changes throughout the pulmonary system, depending on 

different properties in each region (Martini, 2004). The epithelial layer of the 

trachea and the bronchi is mainly composed of columnar ciliated, goblet, serous, 

brush, Clara, Kulchitsky and basal cells. The cells secrete mucus and glycoprotein 

that aid mucociliary movement of particles trapped in the upper airways. The mucus 

also prevents the dehydration of the surfaces as well as saturating the incoming air 

with moisture. Basal and goblet cells also act as progenitor cells for columnar cells 

and ciliated cells respectively. The thickness from the airway surface to blood 

vessels in this region is of the order of 30 to 40 pm and this decreases gradually in 

proportion with the decreasing airway diameter (Altiere and Thompson, 1996).

The epithelium of the bronchioles is much thinner and there is less mucus. The 

epithelium comprises ciliated cuboidal, Clara, and less goblet and serous cells. The 

primary purpose of these cells is secretion of glycoprotein and xenobiotic 

metabolism.

The alveolar epithelium is populated by terminally differentiated type I 

pneumocytes cells and their progenitor type II pneumocytes cells (Kellaway and 

Taylor, 2001). The cells form a thin epithelium where the exchange of air and/or 

drug has to travel only 0.5 to 1.0 pm to enter the blood stream. The type I 

pneumocytes occupy 93% of the surface area of the alveolar sacs, despite being 

only half as abundant as type II pneumocytes which secrete surfactant that is a 

mixture of lipids, proteins and carbohydrates (Fisher and Chander, 1984). Lung 

surfactant reduces the alveolar surface tension and prevents alveolar collapse due to 

lung elasticity and alveolar wall tension changes during inspiration.

The lavage of a normal adult lung yields a cell count that comprises 93% alveolar 

macrophages, 7% lymphocytes and less that 1% neutrophils, eosinophils, or 

basophils (Hunninghake et al., 1979). These cells form the defence unit in the 

alveoli by interacting and eliminating microorganisms or particulates, acting as
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effector and accessory cells in inflammatory and immune reactions, and protect 

alveolar structures.

1.6.3 Drug targeting in the respiratory tract

The target areas of the lung vary with the type of diseases and subsequently with the 

type of drug delivered. The distribution of inhaled steroids for the treatment of lung 

inflammation is recommended throughout the airways (Leach, 1998). This is 

because the molecular action of inhaled steroids occurs at intercellular 

glucocorticoid receptors that are found in most cell types (LeVan et al., 1999). 

However, distribution of bronchodilators (p2 -  agonists e.g. salmeterol, salbutamol, 

formoterol etc) in the treatment of asthma and congestive obstructive pulmonary 

disease (COPD) is recommended throughout the airways apart from the alveoli 

(Chrystyn, 1997). Starting from the bronchioles, there is a gradual deerease in the 

ratio of p2  to pi -receptor type with deereasing airway diameter (Chiystyn and 

Alexander, 1985). However, the alveolar region is devoid of p2 - receptors as its 

lacks smooth muscle and therefore deposition of a P2 -  agonist in this region will 

not lead to the desired bronchodilation.

In order to promote the systemic absorption of drug, macromolecular drugs need to 

reaeh the alveolar region of the lungs where the absorption surface area values are 

102 ± 21 m  ̂ and barriers for drug passage to the systemic circulation are only 

between 0.2 and 0.5 pm (Patton, 1996).

1.6.4 Particle dynamics in the respiratory tract

The inhaled particles travel with the air through the branching system of the 

airways, in which the air is warmed and humidified, until these particles are 

captured by collision with an airway or alveoli wall, or exhaled. When an airborne 

particle is passing through a bend in an airway duct, three different forces are 

known to aet on the particle; namely the force of gravity, the aerodynamic drag or 

the resistance force of the air and a stopping or inertial foree. The forco of gravity 

constantly acts on all particles in a field of gravity. It is proportional to the mass of
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the particle but independent of the particle velocity. The aerodynamic drag force 

acting on an aerosol particle is expressed by the Stokes equation (Equation 1.1) 

while the inertial or stopping force relates to particle momentum that is the product 

of particle mass and particle velocity.

Aerodynamic drag force = Sjor/V Equation 1.1

Cc

Where rj is viscosity of air, % is dynamic shape factor of particle; V is velocity of 

air, and Cc is Cunningham correction factor (related to particle slip for particles 

smaller than 10 microns).

The above forces relate to different deposition mechanisms of particles in different 

regions of the respiratoiy tract. A high stopping force (relative to the drag force) 

results in capturing of the particle by inertial impaction and this particularly occurs 

in the upper airways, where air velocity is high. As the air velocity decreases with 

the increasing airway branching, the ratio of settling velocity to air transport 

velocity increases and particles are therefore captured more by sedimentation. In the 

deep lung, where large particles are excluded and air velocity approaches zero, 

submicron particles deposit by diffusion (Brownian motion).

1.6.5 The absorption of drugs in the respiratory tract

The pulmonary absorption of drugs into the bloodstream occurs between 

(paracellular) or through (transcellular) epithelial, interstitial and endothelial cells. 

Drug absorption in the lungs is determined by the lipophilicity and diffusivity 

(related to molecular size) of the drug molecule (Gonda, 2006). Lipophilic drugs 

are usually absorbed transcellularly since they can partition into the lipid 

membranes of the epithelial cells and then diffuse through the cells, down a 

concentration gradient according to Tick’s law.

The absorption rate of hydrophilic drugs is generally slower than for lipophilic drug 

but occurs more rapidly compared to other mucosal routes including the intestinal.
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rectal, nasal and buccal routes (Kellaway and Taylor, 2001). Hydrophilic drugs may 

be absorbed by the paracellular route where drug absorption rate is related to its 

molecular size. The in vivo rat lung absorption of saccharides of various molecular 

weights (122 to 75,000) showed that the absorption rate constants were inversely 

related to molecular weight and directly related to the diffusion coefficients of the 

compound (Enna and Schanker 1972). The transport of dextrans (4 to 150 kDa) 

across cultured rat alveolar epithelial cell monolayers indicated that 

macromolecules with radii under 5 pm traverse the alveolar epithelial barrier via 

paracellular pathways while macromolecules with radii of 6 pm or larger cross the 

barrier via other pathways such as pinocytosis, transcytosis and endocytosis 

(Matsukawa et al., 1997; Kellaway and Taylor, 2001).

The alveolar region is the optimal site for absorption of proteins and formulations 

containing protein therapeutics are currently designed to maximize deposition in 

this region (Patton, 1996). The membrane separating the alveolar space from the 

blood is less than 1 pm and therapeutic peptides can cross this thin membrane 

rapidly without being exposed for very long to any peptidases. Insulin that reaches 

the alveoli is encapsulated in vesicles, within which it crosses the alveolar 

membranes and subsequently crosses into the capillary (Davidson et al., 2006).

1.6.6 The barriers to pulmonary drug delivery

The lung is equipped with a defensive mechanism whose primary function is to 

keep respiratory surfaces clean and available for respiration. This is achieved by 

eliminating inhaled particles that would potentially cause adverse interactions with 

lung cells. Since this mechanism is not selective, inhaled drug particles suffer a 

similar fate to any other exogenous aerosols deposited in the lung. The mechanism 

by which drug aerosols are cleared from the surfaces of the respiratory tract 

depends on several factors, such as the site of aerosol deposition and the 

physicochemical properties of the drug.

Swallowing, expectoration, and coughing constitute the first sequence of clearance 

mechanisms operating in the naso/oropharynx and tracheobronchial tree. However,
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Scherer (1981) suggested that the effect of cough may extend down to the level of 

the respiratory bronchioli, under conditions of excess mucus production.

Drug particles deposited in the conducting airways are cleared via the mucociliary 

escalator. This physiological function is designed to clear locally produced debris, 

excessive secretions as well as unwanted inhaled particles (e.g. deposited drug 

particles). The mucus blanket entraps inhaled particles and with the aid of beating 

cilia an effective clearance mechanism is achieved. The normal mucociliary 

transport rates in humans are 5.5 mm/min in the trachea and 2.4 mm/min in the 

major bronchi (Yeates et al., 1981; Foster et al., 1980). Retention time of drugs in 

the lung is significantly reduced by mucociliary transport (Suarez and Hickey,

2000) and efficient drug delivery of slowly absorbed drugs must overcome the 

ability of the lung to remove drug particles by mucociliary transport (Kellaway and 

Taylor, 2001).

Lombry et al (2004) demonstrated that the primary means of elimination of inhaled 

macromolecules after delivery to the lung, and prior to absorption into the 

circulatory system is alveolar macrophage clearance. The contribution of alveolar 

macrophage -  mediated clearance is determined by particle size and shape, 

solubility, particle burden and chemical nature of the inhaled aerosol (Suarez and 

Hickey, 2000). Particle phagocytosis is fast and efficient for particles that are 

greater than 0.2 pm. It is not efficient for ultrafine particles and large porous 

particles (Ferin, 1994). Long fibres deposited in the lung cannot be completely 

phagocytised by a spherical cell with a diameter of approximately 12 pm and when 

the particles are overloaded, clearance is inefficient (Ferin, 1994).

Enzymatic degradation is also a barrier to drug delivery via the pulmonary route. 

All metabolizing enzymes found in the liver are present in the lung but in smaller 

amounts (Suarez and Hickey, 2000). However, such degradation has been 

overcome through the use of enzyme inhibitors and the incorporation of the protein 

in a delivery system, designed to protect the protein drug from contact with these 

proteolytic enzymes (Frokjaer and Horgaard, 2000). Entrapment and encapsulation, 

in the form of polymeric drug delivery systems such as hydrogels and
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nanospheres/microspheres are widely used pharmaceutical techniques for protection 

against enzymatic degradation (Huatan et al, 1995).

The molecular size of proteins and peptides limits their diffusion across the alveolar 

epithelium where the cells are tightly joined (Lee, 1991). However, penetration 

enhancers such as conjugation with transferrin and riboflavin have been used 

(Kumar and Misra, 2004; Leone-Bay et al., 2000). Mucosal toxicity has been 

reported as a side effect and thus raising a safety concern mitigating their use as 

enhancers in pulmonary formulations (Yamamoto et al., 1997).

1.7 Design and engineering of respirable particles

Many studies have demonstrated that drug distribution and deposition along the 

respiratoiy tract is dependent on the characteristics of the inhaled formulation, 

anatomy of the respiratory tract and the breathing patterns of individual subjects 

(Suarez and Hickey, 2000). However, it is difficult to manipulate the latter two 

aspects and therefore manipulation of inhaled formulation characteristics has been 

utilised extensively with an objective of improving drug delivery via the respiratory 

tract.

A variety of formulations have been used to develop protein therapeutics. The 

stability of protein therapeutics at room temperature is the ultimate goal of a 

successful formulation. The dual role of water (as a nucleophile) in hydrolysis 

reactions and as a plasticizer, which increases the molecular mobility of reactive 

chemical species, makes aqueous protein formulations less stable than their dry 

counterparts. Thus, dry powder protein formulations are the preferred choice for 

delivery of protein therapeutics compared to their aqueous counterparts.

The production of dry powder protein formulations intended for inhalation relies on 

the design and generation of respirable particles. In general, the principal 

component of such particles would be the active pharmaceutical ingredient (i.e. 

protein/peptide) that is entrapped, adsorbed, attached or encapsulated in the 

macromolecular materials forming the particles. Excipients such as sugars.
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surfactants, etc, would be important for specific roles such as protecting the 

protein’s native structure during processing/storage as well as achieving the desired 

particle characteristics. The choice and concentration of excipients as a function of 

inhaled formulation characteristics has been studied in chapter two and three. 

However, it is important to minimize the content of excipients comprising the 

particles so that the content of active drug is maximised.

Aerosol particles intended for inhalation are generated by different aerosol 

generation (wet and diy) principles and are characterised by different physical 

properties like particle geometric diameter, morphology and density that affects 

their deposition in the respiratoiy tract (see chapter two). Because these physical 

factors govern the dynamics of particles dispersed as aerosols, the term 

aerodynamic diameter is used. By definition, the aerodynamic diameter of a particle 

is the diameter of a sphere with unit density, having the same terminal settling 

velocity in still air as the particle in consideration (Hinds, 1998).

Historically, it is difficult to generate a monodisperse pharmaceutical aerosol. 

Therefore, inhaled aerosols are typically described by log-normal size distributions 

that are defined by a mass median aerodynamic diameter (MMAD) and geometric 

standard deviation (GSD). In the development of an aerosol therapeutic, these 

parameters are adjusted to the precise target area of the respiratory tract, presumed 

inhalation manoeuvre, efficiency of particle aerosolization as well as avoiding side 

effeets caused by drug deposition in the unwanted regions of the lung. For instance, 

distribution throughout the lung has been recommended for inhaled corticosteroids 

and this is favoured by a wide distribution (i.e. high GSD), whereas targeting at a 

particular pulmonary region is better obtained with aerosols having a small MMAD 

and low GSD. If the distribution is too wide and the target area is primarily the 

alveolar region (as for systemic protein therapeutics), sufficient dose may not reach 

the patient’s systemic circulation as particles deposited in the upper airways may be 

eleared.

Traditionally, conventional microparticles having aerodynamic diameters between 1 

and 5 pm following dispersion have been used to deliver drugs to the lung (Mandai,
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2005; Davidson et al, 2006). These particles are typically small dense 

microparticles that are characterised by high cohesive forces that make their 

physical handling difficult. To overcome this problem, variety of delivery systems 

has been developed and is discussed in section 1.8.

Recently, particles with large geometric diameters and low densities have beeii 

engineered (Edwards et al, 1998). The low densities have been achieved either by 

preparing a hollow sphere or porous matrix. Particles are engineered to be less than 

unit density by virtue of a porous structure with trapped air within the particle and 

therefore particles with an aerodynamic diameter in the respirable size range can be 

achieved despite having a geometric particle size greater than 10 pm (Edwards et al, 

1998). The potential to optimize pulmonary lung deposition and absorption of 

protein therapeutics through the design and engineering of large porous particles is 

the subject of chapter two.

Alternatively, nanoparticles which are solid colloidal particles of size less than 1000 

nm can be developed. Although they are dense compared to large porous particles, 

their submicron size enables them to have the desired aerodynamic properties for 

inhalation. Previously, nanoparticles have been used in the enhancement of drug 

bioavailability. Poorly soluble drugs formulated as nanoparticles pronaote drug 

solubility since the dissolution rate depends on the drug particle surface area that is 

increased when the particle size is reduced to less than 1 pm (Buckton and Beezer, 

1992). Another application of nanoparticles is the formulation of sustained release 

microparticulate systems that contain drug nanoparticles. This is demonstrated by 

Cook et al. (2005) where terbutaline sulphate nanoparticles have successfully been 

formulated as microspheres that are suitable for inhalation. However, nanoparticles 

are not easy to produce or formulate due to their small size and this has posed a 

challenging task for the pharmaceutical industry. Chapters three and four explore 

the potential of improving delivery of protein therapeutics via respiratory tract 

through the engineering of nanoparticles.
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1.8 Production of respirable particles

A variety of processing technologies for the production of respirable particles have 

been known and investigated by different researchers. Such technologies include 

conventional crystallization, dry and wet milling, solvent evaporation/diffusion, 

émulsification, precipitation, supercritical fluid technology, air jet micronisation, 

spray and fi'eeze-drying. These technologies require modification to make them 

suitable for production of respirable particles containing labile molecules like 

proteins. In this thesis, spray and ffeeze-drying processes coupled with 

émulsification and precipitation techniques have been utilised to generate respirable 

particles carrying protein therapeutics.

1.8.1 Spray-drying

Spray-drying is a one-stage technique that converts a liquid bulk (suspension, 

solution or emulsion) into a dried particulate form by atomizing into a hot drying air 

medium (Masters, 1991). Spray-drying is not only applied to pharmaceuticals such 

as antibiotics, excipients, vitamins, vaccines and proteins but is also employed in 

the chemical (ceramics, dyestuffs, and polymers) and food industries (milk, eggs, 

and plant extracts).

The process has been utilised to produce pharmaceutical formulations with specific 

physicochemical properties. For example, a sustained release formulation that 

involves the encapsulation of hydrophilic drug (terbutaline sulphate) nanoparticles 

in hydrophobic materials that retard drug release has previously been developed 

(Cook et al., 2005). As mentioned in section 1.2, proteins are labile molecules that 

are prone to degradation when exposed to various stresses. Figure 1.4 shows 

possible stress factors that can be induced in a protein during spray-drying. 

Application of stabilizing excipients such as surfactants, buffers, hydrotropic 

agents, sugars, etc, in spray-dried formulations to enhance their stability has been 

investigated in chapter two.
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The process is controlled by independent variables that include liquid feed rate, 

atomising airflow rate, drying airflow rate, and inlet air temperature. Control of 

these variables can be utilised to generate respirable particles with desired physical 

characteristics, such as morphology, moisture content, particle size, size distribution 

and density (Shoyele and Cawthome, 2006).

Spray-drying consists of three major stages: atomisation of the feed solution into 

fine droplets, drying of droplets by hot air medium, and separation of dried powder 

from moist air.

1.8.1.1 Atomisation

In this stage, the liquid bulk is broken up into millions of individual droplets that 

contain a high surface-mass ratio and a spray is consequently formed. A variety of 

atomizing systems are available and are characterised by their source of energy i.e. 

pressure-pneumatic, rotary (centrifugal) and ultrasonic-atomization. The emerging 

droplets and subsequent particle size distribution differs in these systems. The 

preferable one is a nearly monodisperse fine spray that gives a narrow particle size 

distribution.
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Figure 1.4: Possible stress factors for a protein during spray-drying (Lee, 2002)

In rotary atom ization, droplets are produced via a rotating w heel driven generally 

by air pressure. The incom ing liquid feed is flung outwards, due to the centrifugal 

force, and the liquid film so generated is pressed against the disc surface (M asters, 

1991). Thus, the accelerated liquid is atom ized virtually unpressurised.

Nozzles are applied when pressure or pneum atic energy is utilised to atom ise the 

liquid bulk. The atom izing energy o f  the pressure nozzles relies solely on the 

pressure o f  the liquid that results w ith high undesirable requisite pressure between 

50 -  150 bars (M asters, 1991). The nozzle converts the pressure to velocity and 

subsequently releases the liquid as a fine spray. However, the technique has 

lim itations as it requires high volum es o f  liquid and a narrow  nozzle orifice that 

could easily block. In addition, liquids w ith high viscosity are problematic.
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Pneumatic nozzles are therefore preferred for generating very fine sprays from 

standard and viscous liquid bulks. In these nozzles, atomization occurs using a high 

velocity gas (compressed air or nitrogen) that disintegrates the incoming liquid feed 

into small fine droplets. Unlike pressure nozzles, pneumatic nozzles utilise low 

pressure ( 1 . 5 -3  bar) (Masters, 1991) and can spray small liquid volumes. The size 

of droplets from a pneumatic nozzle can easily be controlled (Masters, 1991; 

Equation 1.2).

Droplet size a  Liquid mass Equation 1.2
Air mass

Increasing air - liquid mass ratio decreases droplet size and vice versa. The air -  

liquid mass ratio can be controlled by adjusting the air and liquid feed velocity 

through the nozzle. The disadvantages of pneumatic nozzles are the high cost of 

compressed gases and a reduction in spray-dryer capacity due to cold atomizing air 

entering the drying chamber.

1.8.1.2 Drying

In the drying chamber, the liquid droplets meet hot air (drying medium). Rapid 

moisture evaporation takes place and dried particles suspended in the drying 

medium are formed. The spray cloud from the atomiser can meet the hot air in co

current, counter-current or in both co- and counter current mode. The selection of 

how best the spray cloud comes into contact with drying air is dependent upon the 

product involved. For example, in the counter-current arrangement, the hottest 

drying air contacts the driest particles, as they are about to leave the chamber. This 

is detrimental to thermolabile molecules like proteins and therefore is not suitable 

for protein formulations. The co-current arrangement is more suitable for 

thermolabile molecules as the hottest drying air contacts droplets at their maximum 

moisture content and rapid evaporation prevents high droplet temperatures 

(Masters, 1991).
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The drying rate (Equation 1.3) is the difference between the solvent vapour at a 

droplet surface and the partial pressure of solvent in the surrounding air (Equation 

1.4). The evaporation of the solvent involves two simultaneous convection 

processes: heat transfer from the air to the droplet and mass transfer of vaporized 

solvent into the air through the boundary layer that surrounds each droplet (Masters,

1991). Factors that influence the rate of heat and mass transfer during drying are 

temperature, amount of solvent in the drying air, relative velocity between droplet 

and air, and droplet diameter.

Drying rate = t o  Equation 1.3
dt

dm = 2tiDv D (Psb -  Ps) Equation 1.4
dt

where, t o  is change in droplet mass, dt is change in time, D is the droplet diameter, 

Dv is the solvent diffusion coefficient, Psb is solvent pressure at temperature of 

saturated droplet surface, Pg is partial pressure of solvent in surrounding air (Maa et 

al., 1997; Führling, 2004). The drying of a droplet to form a particle can be 

considered as a two step process. In the first drying step (constant rate period), the 

drying rate is constant as long as the droplet surface is saturated with solvent 

(Equation 1.5). Vaporised solvent from the surface is then replaced with solvent 

coming from the interior of the droplet to keep the solvent content on the surface 

saturated. The first drying step ceases when the droplet solvent content falls to a 

critical value called the critical point, characterised by the first presence of a solid 

phase forming at the droplet surface. At this stage the drying rate falls and can be 

calculated using equation 1.6 for the falling rate period.

dm = 27cKdDavAT Equation 1.5
dt X

t o  = -12 Kd AT Equation 1.6
dt T d 7  P
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where, drying rate (dm/dt) gives the solvent mass transfer into air per unit time. Kd 

is the average thermal conductivity of the gaseous film surrounding an evaporating 

droplet, Dav is the average droplet diameter, Dc is the droplet diameter at the critical 

point, X is the latent heat of vaporization, p is the solid density and AT gives the 

difference in temperature between air and droplet/particle surface. As the drying 

rate is dependent on AT, a decrease of inlet air temperature will translate to lower 

drying rate (Maa et al., 1997; Führling, 2004).

The outlet temperature linearly depends on other independent variables mentioned 

in section 1.8.1 (Maa et al., 1997) and this suggests that it can be estimated if the 

regression lines between outlet temperature and the independent variables are 

available for the spray-dryer. In the drying chamber, the temperature at 5 cm below 

the spray nozzle is much closer to the outlet rather than the inlet temperature and 17 

cm fi*om the nozzle, it has been reported that the temperature is approximately the 

same as the outlet temperature (Maa et al., 1997). Therefore, during spray-drying, 

droplets are exposed to a temperature influenced by the outlet temperature, which 

suggests that the outlet temperature influences the stability of proteins during spray 

drying. For example, spray-drying of 5 mg/ml aqueous insulin solution caused 

minor degradation of insulin at outlet temperatures below 120^C. However, heat 

induced degradation leading to formation of high molecular weight proteins, A-21 

desamido insulin and other insulin related impurities increased with outlet 

temperatures above 120^C (Stahl et al., 2002).

1.8.1.3 Powder separation

Particles suspended in the drying medium are separated after drying. Cyclone 

separators are jfrequently used to separate dry particles as they are cost effective 

devices for particulate matter removal. As the gas flow loaded with dry particles 

enters the cyclone tangentially, it encounters an outer spiral flow (outer vortex) 

moving downwards fi*om the cyclone inlet, and an inner spiral flow (inner vortex) 

o f smaller radius moving upwards towards the exit pipe. These flow patterns results 

in two different forces on the incoming particles. First, the centrifugal force as a
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result of the outer vortex in the receiving vessel directs the particles to the cyclone 

wall and downwards.

Secondly, the drag force that results from the inner vortex gives an inward motion 

that directs the particles towards the exit where they leave the cyclone uncollected. 

Therefore, particles are effectively collected when the centrifugal force exceeds the 

drag force. However, cyclone separators are not effective for separating ultrafine 

particles. For example, Maa et al., (1998) could not separate particles smaller than 2 

pm using a standard cyclone (Büchi Mini Spray Dryer B -  190) when they spray- 

dried a protein aerosol powder. Alternative powder separations are possible via bag 

filters, scrubbers, or electrostatic precipitation equipment (Führling, 2004). Cloth- 

bag filters are very effective systems but are expensive in terms of labour and 

maintenance cost as the fabric is weakened by high temperatures.

1.8.2 Freeze-drying

Freeze-drying is a process where the solvent in a solution or suspension is initially 

frozen and then removed by sublimation. The solutions to be dried are usually filled 

into a glass vials followed by solidifying by freezing on reduction of the shelf 

temperature (freezing stage). The solvent is subsequently removed by sublimation 

under vacuum (primary drying stage). After sublimation, the remaining unfiozen 

solvent is removed by desorption (diffiision and evaporation) during the secondary 

diying stage (Pikal, 1994). An illustration of a complete freeze-drying cycle is 

shown in figure 1.5, showing typical process conditions for variables shelf 

temperature, product temperature, and chamber pressure.
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Figure 1.5: Plot of process variables during freeze-drying cycle 
(1 pmHg = 1.33 pbar) [Nail and Gatlin, 1992].

1.8.2.1 Freezing stage

The objective of the freezing stage is to convert the solution into solid so that the 

solvent is removed by sublimation. Freezing removes solvent from an initially 

dilute solution and this leads to an increase in solute concentration. This causes 

differential precipitation of buffer components that lead to damaging pH shifts 

especially in the case of labile biopharmaceuticals (Franks, 1985).

When the solvent is frozen, the solutes are either converted to crystalline or 

amorphous solids below their eutectic temperature or their glass transition 

temperature (Pikal, 1994). Crystallizing solutes, e.g. mannitol or buffer salts, 

require the temperature to be lowered below the eutectic temperature to guarantee 

feezing. Fast freezing causes small and more numerous ice crystals surrounded by 

thinner and more intricate networks of the less volatile solutes, these products will 

be more difficult to freeze-dry. Instead, a slower freezing will cause larger ice 

crystals and less restrictive channels in the matrix, and the products will be easier to 

dry. Other excipients and proteins that do not crystallize during freezing are 

transformed from a highly viscous ‘syrup’ to a rigid amorphous solid (glass) at the 

glass transition temperature of the maximally freeze-concentrated solution (Franks,

1998).
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1.8.2.2 Primary drying

The frozen solvent is removed by sublimation at this stage. The driving force for 

sublimation during primary drying is the vapour pressure difference between the 

vials and the condenser, i.e. the driving force for water sublimation during drying is 

the temperature difference between the product and the condenser. Both raising the 

product temperature and lowering the condenser temperature increases the vapour 

pressure of the frozen solvent and therefore leads to higher sublimation rates and 

shorter drying time (Franks, 1990; Pikal, 1994). Consequently, a drop in product 

temperature will slow down sublimation rate. However to avoid collapse of the 

amorphous phase or partial thawing of the frozen solvent, its temperature has to be 

held below the collapse temperature (usually lies 1 -  3 above the eutectic 

temperature of the crystalline mixture or glass transition temperature of amorphous 

matrices) (Pikal, 1990).

Sublimation energy is provided by radiation, direct conduction (from shelf to the 

product) and conduction arising from the kinetic energy transfer by collisions of gas 

molecules (Franks, 1998). Therefore, it is necessary to ensure close contact between 

the shelf and the product container. At a fixed shelf temperature, sublimation rate of 

the frozen solid can be expressed by equation 1.7.

V = Ap (Pp -  Po) Equation 1.7
Rp

where, Ap is the cross sectional area of a product (m^), Pp is the product vapour 

pressure at the sublimation front; Po is the partial vapour pressure in a product vial, 

Rp is the resistance of a dried product layer to the vapour flow (Nail and Johnson,

1992).

The sublimation rate is determined by product resistance and the semi-stopper of 

the product vial (Pikal, 1994). The product resistance provides 80% of the total 

resistance and depends on the nature of the product (for example, a high ratio of 

salt/protein content will hamper the path for sublimation because a glassy layer will 

be formed on the cake surface) (Seligmann and Farber, 1971); the thickness of the
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frozen matrix and its geometiy [i.e. the greater the ratio of surface area to the 

volume of the protein, the faster the drying rate) (Pikal, 1990). In addition, 

sublimation rate is faster in a crystal matrix compared to an amorphous matrix due 

to the direct channels formed in the matrix that provide a free path for ice to 

sublime.

1.8.2.3 Secondary drying

This is the last stage of diying where most of the unfrozen water (e.g. hydration 

water, hydrogen-bonded water, and water associated with glassy masses) is 

removed from the dried product by desorption. Secondary diying is dependent on 

the rate of diffusion of water through the product and its subsequent desorption at 

the solid-air interface and condensation on the condenser. The rate of secondary 

drying is accelerated by an increase in temperature and is normally performed at 

temperatures greater than 0°C. However, in contrast to primary drying, secondary 

diying rate is not affected by the chamber temperature (Pikal, 1994).

At the end of secondary drying, the water content should be around 3-5%. For 

some protein products, it is required that the water content of the end product is 

about 1-2%. A small amount of non-frozen water is always critical for the activity 

and stability of the proteins and while drying globular proteins, the amount of the 

non-frozen water is slightly less than the proteins’ hydration shell leading to protein 

dénaturation by dehydration (Pikal, 1994). A broad range of excipients acting as 

lyoprotectants are able to stabilize the native protein structure during freeze-drying 

as discussed in section 1.3.2 and chapters three and four.

1.9 Delivery systems of respirable drug particles

Effective inhalation therapy for the treatment of both local and systemic diseases 

requires optimization of the physicochemical aspects of the formulation, biological 

aspects of the active pharmaceutical drug and performance of the inhaler device. 

The biological aspects of the drug and engineering of drug-containing respirable 

particles have been discussed in previous sections of this chapter.
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Drug-device combinations must aerosolise the drug in the appropriate size 

distribution and concentration to guarantee optimal deposition and dose in the 

desired region of the lung. Depending on the device used, re-formulation of drug- 

containing respirable particles is required and is specific to each delivery system.

Currently, nebulisers, dry powder inhaler (DPIs) and pressurised metered dose 

inhaler (pMDIs) devices are recognised for the delivery of respirable particles to the 

respiratory tract. In this section, the reformulation strategies and device operation 

principles of pMDI and DPI delivery systems are discussed as these devices were 

used in this study.

1.9.1 Dry powder inhalers

Dry powder inhalers (DPIs) are the most recently developed inhalation systems 

whose development was intensified by the urgency to eliminate CFC-containing 

pMDIs (Montreal protocol, 1989). The majority of these devices are breath- 

activated inhalers that rely on patients’ inspiratory flow (30 -  130 L min'^) that 

provides shear, turbulence, and mechanical intervention to de-aggregate and deliver 

drug aerosol for inhalation (Dolovich, 1995). The patients’ inspiratory flow directs 

air through the device creating a turbulent airstream in the powder container. As a 

result, the turbulent airstream causes the loose powder/aggregates to break up into a 

drug aerosol cloud as well as separating large carrier particles fi'om the drug 

(Concessio et al., 1999). This eliminates the requirement of inhalation coordination 

that is inherent in pMDI use.

A variety of DPI devices (Table 1.3) are currently in the market and they range 

from single dose devices loaded by the patient (e.g. Rotahaler®) to multi-unit dose 

devices sealed on a strip which moves through the inhaler (e.g. Diskus®) or 

reservoir-type systems (Turbuhaler®, Clickhaler®).
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Table 1.3: Dry powder devices currently available for the major classes o f asthma

Device Company Type
A erohaler Boehringer-Ingelheim Single-dose capsule

(Germ any)
A erolizer N ovartis (Switzerland) Single-dose capsule
Clickhaler Innovata B iom ed/M L M ulti-dose reservoir

Laboratories (UK)
Cyclohaler Pharm achem ie (NDL) Single-dose capsule
D iskhaler GSK (UK) Small m ulti-dose

replaceable cartridges
D iskus/ A ccuhaler GSK (UK) M ultiple unit-dose strip
Easyhaler Orion Pharm a (Finland) M ultiple-dose reservoir
Pulvinal Chiesi (Italy) M ultiple-dose reservoir
Rotahaler GSK-UK Single-dose capsule
Spinhaler A ventis (France) Single-dose capsule
Turbuhaler A straZeneca (Sweden) M ultiple-dose reservoir

H owever, specific devices for protein delivery have recently been developed. 

N ektar therapeutics Inc. has the m ost advanced form o f inhalation device that are 

suitable for protein delivery. The first is a palm -sized and easy to use, designed for 

short-term  use based on a convenient dosing from standard capsules, and is ideal for 

large payloads o f 2 -5 0  m g (Figure 1.6a). The second has been approved for insulin 

delivery in the recently approved insulin product (Euxebera^) and is designed for 

long term  use with a payload o f  2 -  5 m g dose per actuation and is a suitable option 

for paediatric indications (Figure 1.6b, w w w .nektar.com ). The device is extended 

by pulling down a ring pull at the base o f  the device to extend the side o f  the device 

(Figure 1.6c).
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Figure 1.6: Nektar Dry Powder Inhalers (w ww .nektar.com )

The dry pow der insulin is put into the delivery device by the use o f  a blister pack 

w hich contains either 1 or 3 mg o f  insulin and the device is pressurized using the 

handgrip. The blister package containing insulin is punctured and insulin is 

aerosolized into the holding cham ber by a transjector. Insulin adm inistration occurs 

by taking a single large breath through the cham bers, w hich is then held for up to 10 

seconds. The device is m aintained by cleaning the inhalation cham ber w eekly, and 

by replacing the transjector every 2 w eeks while the entire device needs to be 

replaced annually.

The perform ance o f  DPIs varies am ong the different types o f  DPIs with 

approxim ately 12 -  40%  o f  the em itted dose delivered to the lung and 20 -  25% o f 

the drug being retained w ithin the device (D olovich and Labiris, 2003). Poor 

perform ance o f the DPIs can be attributed to drug physical properties (i.e. particle 

size distribution, m orphology, electrostatic charge and hygroscopic nature o f drug) 

and insufficient de-aggregation o f  fine particles from coarser carrier particles or 

drug pellets. Insufficient de-aggregation o f  fine particles can be caused by factors 

like carrier physical properties (i.e. m orphology, electrostatic charges, particle size
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distribution, and crystalline/amorphous form), airflow resistance of the device, high 

humidity, and rapid, large changes in temperature (Newhouse and Kennedy, 2000; 

Chew and Chan, 2002)

When the respirable particles have a large MMAD, the FPF (fine particle fraction) 

is low since fewer fine particles are available. On the other hand, when the particle 

size is too fine (as in the case of nanoparticles), the powder becomes very cohesive 

and difficult to disperse, also resulting in a low FPF. To enhance the FPF, the 

powder cohesion can be partly overcome by increasing the shear force via 

increasing airflow through the inhaler device. Additionally, irregular surface 

morphology can prevent close contact of particles and therefore reducing cohesion 

and this leads to better dispersion (French, et aL, 1996; Maa et al., 1998). Chew and 

Chan (2000) prepared two types of solid particles (i.e. with smooth and wrinkled 

surface morphology) using bovine serum albumin as a model. The smooth particles 

had a volume mean diameter of 2.8 pm and wrinkled particles 3.1pm, while both 

had the same true density of 1.2 g cm '\ Dispersion of the wrinkled particles was 

found to be better than that of smooth particles as it produced much higher FPF, 

confirming the significant role played by surface morphology.

Relative humidity of the dispersing air affects powder dispersion (Jashnani et al., 

1995; Jashnani and Byron, 1996). The FPF of a drug decreases with increasing 

relative humidity of the dispersing air and vice versa. Highly hygroscopic powders 

readily take up moisture compared to non-hygroscopic powders and this leads to 

increased powder cohesion via inter-particulate capillary forces, causing a 

decreased FPF. However, this effect is much reduced in non-hygroscopic powders 

until at high relative humidity when water condensation occurs. In addition, relative 

humidity-dependent electrostatic charge may contribute to the powder dispersion; 

however, its role has not been fully elucidated.

The airflow resistance governs the inspiratory airflow of a patient and is dependent 

on the type of DPI device used (Richards and Saunders, 1993; Everard et al, 1997). 

A high device resistance makes it difficult to achieve an inspiratory airflow that can 

ensure adequate aerosolization of loose powder in the device. However, it is noted
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that drug deposition in the lung tends to be increased w hen using high resistance 

inhalers (Dolovich and Labiris, 2003).

Respirable particles are extrem ely cohesive and adhesive. They tend to stick to each 

other (to form agglom erates) and to w alls w ith which they m ake contact, prim arily 

by van der W aals forces. To alleviate this problem and enhance pow der flowability 

as well as enabling reproducible dosing o f  lower doses, diluents are used. The 

diluents are mainly sugars (i.e. lactose, m annitol and glucose) that are approved by 

the Food and Drug A dm inistration for inhalation. They can either be m icronised to 

approxim ately the same size as the drug containing particles or consist o f  larger 

crystals that can act as a carrier for the drug. As a result, three different types o f 

form ulation exist, i.e. adhesive m ixtures, nucleus agglom erates and spherical pellets 

(Figure 1.7) (Kassem et al., 1989; W ong et al., 1989; Kassem  and Ganderton, 1990; 

Frijlink and De Boer, 2004).

Figure 1.7: Scanning electron m icrographs o f  an adhesive mixture (A), nucleus
agglom erate (B) and spherical pellets (C) (Frijlink and De Boer, 2004).

Currently, research is focussed in this area w ith the aim o f  studying and controlling 

the param eters that determ ine the adhesive force between the drug and carrier 

particles and the pow der m ixing technology. This will not be discussed in details as 

the subject is not w ithin the scope this thesis.

H ow ever, w ith the advent o f  large porous m icroparticles (Section 1.7 and Chapter 

2), nucleus agglom erate form ulations have gained renewed interest. Co-spray 

drying the proteins w ith suitable excipients as bulking and stabilising agents has led 

to form ulations that do not require the use o f  carriers (Chapter tw o) and therefore
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cohesion between individual particles determ ines how w ell the pow ders can be 

dispersed as aerosols for inhalation (Patton et al, 1999; Chew  and Chan, 2001).

1.9.2 Pressurised metered dose inhalers

A pressurised m etered dose inhaler (pM DI) is a pressurised dosage form designed 

to deliver therapeutic agents to the hum an respiratory tract. It contains the active 

substance, dissolved or suspended in a propellant system which contains at least one 

liquefied gas in a pressurised container that is sealed with a m etering valve. Figure 

1.8 provides a diagram that illustrates the elem ents o f  the pMDI.

Aluminium
can

V alve stem 

A tom ising nozzle

Headspace

Inhaled air entiy 

Form ulation

Spacer rib 

rimp 

Gasket 

M etering valve

M outhpiece
A ctuator body

Figure 1.8: D iagram o f a typical pMDI (M odified from Smith, 1995)

The pMDI generates aerosols through the flash evaporation o f  the propellant 

contained in the drug formulation. W hen the pM DI is actuated, the drug mixture 

eontained in the m etering cham ber is released through the valve stem o f  the pMDI 

into an expansion cham ber in the actuator piece. Form ulations w ith high vapour 

pressure exit through the atom ising nozzle at high speed and rapid propellant 

evaporation occurs. The high speed release from the orifice is followed by a shear 

thinning process, w here the liquid droplets are broken into sm aller droplets as they 

interact with the stagnant air (H ickey and Evans, 1996), consequently changing in
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size and velocity as the particles reach residue diameter. The interaction of the 

emitted 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.

Factors that affect the performance of a pMDI are summarised in figure 1.9. 

However, manufacturing and analytical aspects are subjects that are separate from 

the contents of the thesis and therefore only formulation aspects are discussed under 

each components of the pMDI.

pMDI
System

Figure 1.9: Elements that affect the performance of a pMDI formulation
V alve

Surfactant
Container

Propellant Manufacture

Analytical
method Active

substance

Actuator/Adaptor

The active substance is either suspended (suspension pMDI) or dissolved (solution 

pMDI) in the propellant mixture, which also contains a surfactant and/or co-solvent. 

Partial dissolution of the drug is not desirable as it can lead to crystal growth which 

results in deterioration of product performance with respect to the FPF of emitted 

drug dose. Thus, it is important to determine drug solubility in the propellant 

system.

Co-solvents (such as ethanol), water and surfactants promote solubility or 

émulsification of drug in solution pMDI formulations. They are easy to 

design/develop as they do not pose the challenge of forming stable suspensions 

compared to their suspension pMDI counterparts and they offer excellent dose
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reproducibility as well as minimal losses to deposition. Previously, solubilised 

aerosol formulations with chlorofluorocarbon (CFC) propellants have been 

developed (Evans et al., 1991). In the formulation, protein/peptide molecules are 

dissolved in a small amount of water which is separated from the non-polar solvent 

environment by a layer of surfactant molecules with their hydrophobic ends 

oriented towards the solvent molecules. However, in such formulations, the drug 

candidate is prone to chemical degradation and therefore not recommended for 

labile molecules like proteins.

Suspension pMDIs are the most common pMDI formulations. Unlike solution 

pMDI formulations, they require specialised techniques to form a stable suspension 

that will ensure the delivered dose contains uniform drug content and consistent 

particle size distribution. The interactions in a typical suspension pMDI formulation 

are derived from drug-drug, drug-propellant system or drug-packaging interactions 

and this leads to flocculation, coagulation, sedimentation or creaming of drug 

particles. Ideal suspension pMDI formulations are considered to redisperse 

immediately after shaking across the product lifespan in order to provide 

homogeneous and accurate dosing. Since the drug is in a solid form, the drug 

candidate is not prone to chemical degradation as is the case for solution pMDIs, 

and therefore, such formulations would be preferred in the formulation of sensitive 

macromolecules.

CFC propellants have been reported to cause ozone depletion (Table 1.4) and 

therefore other propellants have been explored in the search for CFC replacements. 

Currently, hydrofluoroalkanes (HFAs) are replacing CFCs. Their physicochemical 

properties differ from CFC counterparts (Table 1.5) and consequently, the 

development of an HFA-based pMDI protein formulation involves significantly 

more effort than direct substitution of CFCs with HFAs. For example, surfactants 

used in pMDI formulations should be soluble in propellants. The surfactants used in 

CFC-based formulations include lecithin, oleic acid, and sorbitan mono- and tri

oleates. However, transition of CFC to HFA-based formulations has posed a 

challenge as these surfactants are insoluble in HFAs. To overcome this challenge, 

the pharmaceutical industry has opted to use co-solvents (e.g. ethanol) that promote
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solubility o f  surfactants in HFA propellant systems. Thus, reform ulation o f  pM Dls 

to elim inate the use o f  co-solvent system s rem ains a challenge and this is the subject 

o f  chapter four.

Propellant Common nam e A tm ospheric 
Life Years

Global
W arm ing
Potential
(GWP*)

Ozone
D epleting
Potential
(ODP**)

H FA-134a T etrafluoroethane 16 0.26 0

HFA-227 H eptafluoropropane 33 0.3 0

C F C -11 T richlorofluorom ethane 60 1 1.0

C F C -12 D ichlorodifluorom ethane 125 3 0.9

CFC-114 D ichlorotetrafluorethane 200 3.9 0.7

NB: * GW P is the measure o f  how gas concentration decays over-tim e in the 
atm osphere and is expressed as ratio relative to baseline gas (Carbon 
dioxide)

** ODP is the ratio o f  calculated ozone colum n change for each mass unit o f  a 
gas em itted into the atm osphere relative to the calculated depletion for the 
reference gas (CFC).

Table 1.5: Physicochem ical properties o f propellants used in the m anufacture o f

Propellant V apour 
Pressure, 

(bar at 20 T )

Density,
(g cm-^ at 20 T )

Boiling Point. 
("C at 1 atm)

Dielectric 
constant 

(e at 25 T )
C F C -11 0.89 1.49 23.7 2.33

C F C -12 5.66 1.33 -29.8 2.04

CFC-114 1.82 1.47 3.60 2.13

H FA -134a 5.72 1.23 -26.1 9.51

H FA -227ea 3.90 1.42 -16.5 4.07

The function o f the m etering valve is to reproducibly deliver a fixed volum e 

throughout the life o f  the device. The valve also prevents the ingress o f moisture 

and air into the form ulation as w ell as escape o f propellant which could severely 

affect product quality and perform ance. It is made up o f  either metal or plastic 

com ponents or small am ount o f  silicone oil applied for lubrication. Figure 1.10
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represents a typical m etering valve. The typical operation o f a m etering valve is 

illustrated in figure 1.11

The function o f  the actuator is to disperse the m etered dose and generate an aerosol 

cloud containing particles/droplets o f  the requisite aerodynam ic size/distribution 

and to direct the aerosol spray into the patien t's  mouth. A tight fit betw een the valve 

stem  and the actuator is required to avoid leakage. The spray orifice diam eter o f  the 

actuator is im portant as it controls the size o f  droplet em itted (Clark, 1996). Polli et 

al. (1969) showed a decrease in M M AD from 11 to 3.2 pm  w hen the orifice 

d iam eter was reduced from 0.61 mm to 0.46 mm. In another exam ple, reduction o f 

orifice diam eter from 0.42 mm to 0.25m m  increased the fine particle fraction and 

reduced throat deposition, and M M AD was reduced by 0.3 pm  when a solution- 

based BDP pM DI was aerosolised (Gabrio et al., 1999). However, excessive 

reduction o f  orifice diam eter can lead to physical blockage o f suspension pM DIs 

(Dalby et al., 1996).

Inner stem i '

Ferrule

Outer seat

Can

Spring

Inner seat

• Gasket

Metering chamber

Figure 1 .10: D iagram  o f typical m etering valve (adapted from Dalby et al, 
1996)
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At rest
2 .

Depress the 
actuator

3.
Discharge 
the dose

4.
Release the 

actuator

5.
Chamber

refills

Open Closed

Figure 1.11: O peration o f a typical m etering valve

Like any other drug delivery system, pM Dl formulations have limitations that 

include poor coordination betw een actuation and inhalation by the patient and 

release o f  aerosol particles as large particles at a very high velocity (Suarez and

Hickey, 2000). This results in m ost o f the drug particles depositing in the

oropharynx, with approxim ately 80% o f  the dose depositing in the oropharynx and 

only 10% in the pulm onary airways. These lim itations have triggered development 

o f  breath-actuated pM DI devices that are essentially sim ilar to conventional pM DIs 

w ith an exception that the dose delivery is triggered by the patient’s inspiratory 

flow. A uxiliary devices and spacers have also been used to optim ize drug delivery 

from pM DIs. They are attached to the pM D l m outhpiece and ensure that the em itted 

droplets becom e sm aller and have a reduced velocity before they are inhaled.

Consequently, large particles are elim inated and the dose deposited in the

oropharynx is smaller, but the dose delivered to the pulm onary region is the same as 

or h igher than that o f  a pMDI w ithout a spacer.
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1.10 Scope of the thesis

The development of inhaled versions of macromolecule therapeutics has shown 

considerable promise. Intensive research is currently focused on the development of 

inhaled insulin \vith several companies leading the way. In January 2006, the FDA 

approved Exubera for the treatment of diabetes mellitus. This is the first non 

subcutaneous form of insulin to reach this milestone. However, its efficacy is 

limited to prandial coverage only and patients still need subcutaneous injections of 

long-acting insulin for basal coverage (Davidson et al., 2006). The bioavailability 

with each of the inhaled systems is approximately 1 0  to 2 0 % that of subcutaneous 

dose (Davidson et al., 2006). This is due to loss of insulin by several mechanisms 

that includes inefficient delivery devices, non-optimised formulations that lead to 

deposition in the oropharynx and upper bronchial tree, exhalation of particles, 

breakdown by enzymes, and elimination by macrophages. These limitations have 

threatened to preclude inhaled macromolecule therapeutics as a practical non- 

invasive human therapy.

The overall purpose of this study was to develop, optimize and characterize novel 

protein formulations suitable for inhalation. The initial purpose was to design, 

engineer and characterize respirable particles (specifically large porous 

microparticles and nanoparticles) that contained a model protein drug. Insulin and 

lysozyme were selected as model protein drugs for this study. Lysozyme was 

selected for production process optimisation as it is cheap, readily available and 

easy to characterise. Insulin was selected to assess robustness of the technology 

with regard to therapeutically relevant protein. Secondly, the project work was 

aimed at evaluating the stability of the protein drug present in the respirable 

particles after processing. Several biological and physical analytical methods 

(chapters two, three and four) were applied to determine the retention of protein 

native structure and activity after formulation of respirable particles.

The in vitro aerosol performance of large porous microparticles using a proprietary 

DPI device (Clickhaler®) was evaluated. The nanoparticles were further 

reformulated to produce pMDI formulations where, the use of novel excipients to
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stabilise drug particle suspensions in HFA 134a were evaluated. In addition, the 

effect of the harsh hydrophobic environment due to HFA 134a on the stability of a 

protein drug was determined. The final purpose of the research was to evaluate in 

vitro aerosol performance of the pMDI formulations developed, to ensure that the 

formulations were suitable for drug delivery to the deep lung where natural 

absorption of proteins and peptides to the circulatory system is expected.
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CHAPTER 2 

Large Porous Microparticles Containing Lysozyme
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2.1 Introduction

A successful pulmonary systemic-aerosol drug delivery system is dependent on the 

ability of the drug-containing particles to deposit in the alveoli where the drug 

molecules can dissolve and be absorbed into the systemic circulation to provide the 

desired response. Depending on the efficiency of such delivery systems, a relatively 

small dose would be required, which can ensure limited side effects as well as a 

relatively low cost of medication.

The deposition of particles containing drug in the lung is governed by the 

aerodynamic properties of the particles. Microparticles with mass median 

aerodynamic diameter (MMAD) of < 3 pm are considered favourable for alveolar 

deposition (Mandai, 2005; Davidson et al, 2006). The MMAD is a function of both 

particle density and geometric diameter (Equation 2.1). Therefore, particles with 

large geometric diameter but of low density can ensure a low MMAD suitable for 

inhalation.

MMAD = d * Equation2.1

where, d  = geometric diameter, p = density. In order to achieve microparticles 

characterised by both large geometric size and low density, Edwards et al (1998) 

produced microparticles with large geometric diameters that contained pores. The 

porosity ensured low density of the microparticles without compromising their large 

geometrical size. Further work by Tsapis et al (2002) defined large porous particles 

as particles whose geometric diameters are larger than 5 pm and have mass densities 

of around O.lg/cm^ or less. The principal advantages of such microparticles relative 

to conventional inhaled therapeutic aerosol particles are their aerosolization 

efficiency (French et al, 1996); their size ensures the potential for avoidance of 

alveolar macrophage clearance (Kawaguchi, et al, 1986) enabling sustained drug 

release in the lungs and they present low interface-particle cohesiveness which 

improves flowability of dry powders (Vanbever et al, 1999).
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Buma (1971) suggested that the porosity of spray-dried particles of whole milk 

might be caused by thermal or mechanical stress in the particles during drying or 

cooling caused by uneven drying of the material in different parts of the particles. 

He suggested that, shrinkage of casein on drying plays an important role in crack 

formation. Lactose and fat globules did not contribute to the formation of folds or 

cracks.

Tsapis et al (2002) while producing large porous nanoparticles observed that if a 

spray droplet containing nanoparticles is dried very quickly, the nanoparticles had 

insufficient time to diffuse fi'om the surface to the centre of the droplet, and instead 

accumulated near the drying front of the droplet. As the droplet evaporates and 

particles accumulate at the surface, capillary forces draw the nanoparticles together 

and ultimately van der Waals forces bind them in place. At the end of the process 

the evaporating fi*ont becomes a shell or crust rich in nanoparticles enclosing the 

remaining solution. The solution escapes by evaporation through the shell, pushing 

the nanoparticles/solutes remaining in the droplet onto the inner surface of the shell 

while frequently puncturing it. This results in highly porous or hollow structures.

Wang and Wang (2002) found that the incorporation of volatile agents such as 

organic solvents with low boiling points could lead to porous structures. During the 

solvent evaporation process, a crust is first formed on the surface of the droplets. 

However, the formed crust hinders the evaporation of the solvent entrapped within 

the droplet leading to a build up of vapour pressure. As the drying process 

continues, the solvent partial pressure inside the droplets increases rapidly when its 

accumulation is much faster than the solvent permeation rate out of the crust. As a 

result, small eruption openings are created leading to pore formation. Due to the 

high rate of solvent evaporation, crust formation and the subsequent drying taking 

place almost simultaneously, no obvious deformation is observed and microspheres 

can maintain the spherical shape of the liquid droplet.

It has been observed that if water alone is used as the solvent, the spray-droplets 

will have a tendency to contract in size, and therefore increase in density as they 

travel from the spray nozzle through the drying chamber to the collecting chamber
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o f  the spray-drier unit (A llen et al., 2000). This is caused by the slow  evaporation 

rate o f  w ater that enables it to effectively escape out o f  the crust before a 

significantly high solvent pressure is built up w ithin the crust. The crust formed also 

solidifies slowly, and thus can allow  faster solvent perm eation rate. This leads to 

non-porous m icroparticles that may be spherical, doughnut-like, or deeply indented 

in shape depending on the characteristics o f  the m aterial being spray dried. Similar 

behaviour has also been observed in other solvents w ith low evaporation rate (i.e. 

high boiling point) such as ethyl acetate (W ang and W ang, 2002).

In this chapter, the concept o f  using volatile agents to create porosity in 

m icroparticles has been utilised. D ichlorom ethane was used as the volatile agent o f 

choice due to its properties o f  low boiling point (35^C), stability, non-flammability 

and being non-explosive when m ixed with air. These properties w ere com patible 

with the type and model o f  spray-dr>dng unit used. Since dichlorom ethane is not 

m iscible with water, an option o f  spray-drying em ulsions was considered with the 

com ponents as shown in Table 2.1.

Table 2.1 : Form ulation com ponents and their role in the spray drying o f  emulsions

Role

Active ingredient (M odel) 

Stabiliser 

V olatilising agent 

Em ulsifier

Structural com ponent

Component

Insulin or Lysozyme 

Sugars, e.g. Lactose 

D ichlorom ethane

D ipalm itoylphosphatidylcholine (DPPC) 

Cholesterol
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2.2 Materials

2.2.1 Lactose

Lactose (Fig. 2.1) is a reducing disaccharide sugar consisting of two subunits, a 

galactose and glucose linked together by a beta-glycoside bond between Cl of 

galactose and C4 of glucose. The sugar occurs naturally in the milk of all lactating 

animals and is produced commercially as a by-product of milk processing. Lactose 

has a wide range of uses ranging from milk-based chocolate confectionery to use in 

the pharmaceutical industry as a pharmaceutical drug filler/binder/carrier. In this 

work, lactose was chosen ahead of other protein-stabilising sugars since it is widely 

used as a carrier for dry powder formulations of asthma drugs. Spray-dried powders 

of a recombinant humanized anti-IgE monoclonal antibody with lactose produced 

less cohesive powders suitable for inhalation compared to those spray-dried with 

trehalose, while mannitol led to crystallisation which is detrimental to both protein 

stability and aerosol performance (Andya et al, 1999). Additionally, when albumin 

was spray-dried with lactose as a stabilising sugar, it produced better free-flowing 

powders compared to mannitol and trehalose (Vanbever et al, 2004).

OHOH

OH

H

HO

OH HO OH

OH

Fig.2.1: Lactose molecule (Wong et al., 1999).
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2.2.2 Cholesterol

Cholesterol (Fig.2.2) is a steroid, which is a constituent of cell membranes and was 

used in this work as an internal structural excipient due to its high melting point 

(147 -  ISO^C) and rigid structure. Previously, cholesterol has been used in liposome 

formulations to impart rigidity to the phospholipid bilayer. Commercially, 

cholesterol is derived from wool grease by fractionation, extraction and purification. 

The compound is insoluble in water and is soluble in most organic solvents, 

including oils.

HO

Fig.2.2: Structure of cholesterol molecule (www.lipidlibrary.co.uk).

2.2.3 Dipalmitoylphosphatidylcholine

DPPC is a phospholipid that forms the major constituent of lung surfactant. The 

molecule comprises two hydrocarbon chains and a hydrophilic phosphatidyl ‘head’ 

group linked to a glycerol residue, shown in Fig. 2.3. As a surface-active agent, 

DPPC locates at the air/water interface where the hydrophilic head group orientates 

towards the water sub phase and the chains towards the air as illustrated in fig. 2.4.

H O

Fig. 2.3: Dipalmitoylphosphatidylcholine (www. avantilipids.eo.uk)
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Fig. 2.4: DPPC m onolayer at the air-w ater interface.

DPPC was chosen as the em ulsifier o f  choice due to its high m elting point and 

because it is an endogenous com pound, w hich is generally, recognised as safe by 

regulatory bodies such FDA.

2.2.4 Lysozyme

Lysozym e (fig. 2.5), a biological catalyst, was used as a model protein to optim ise 

the form ulation param eters because it is inexpensive, easy to handle and its 

biological activity can easily be determined. The enzym e is w idely distributed in 

biological systems in both plants and animals. In humans, the enzym e is found in 

abundance in tears, saliva, leukocytes and serum. Its structure contains four intra

chain disulphide bridges betw een sulphydryl-containing am ino acids w ith the 

num ber o f  amino acid residues in the primary sequence varying in different 

biological systems. Hen egg w hite lysozym e has only 129 residues w hile human 

lysozym e is made up o f 130 residues (Hooke et al., 1994). It is com posed o f  a 

predom inantly a-helical part and a part w ith a predom inantly P-sheet structure.
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Fig. 2.5: Lysozym e m olecule (w w w .biology-pages.info/)

2.2.5 Insulin

Insulin (fig. 2.6) was used as a second model protein in this work. It is a 

polypeptide horm one with two chains o f 21 and 30 amino acids connected by two 

disulphide bridges, which belongs to the group o f  peptides called IGF (insulin like 

grow th factors) or som atom edins. The horm one is produced by the beta cells, which 

constitute 75% o f the islets o f  Langerhans o f  the pancreas. Initially, insulin is 

synthesized in the form o f  a single polypeptide chain, preproinsulin, w hich is 

transform ed into proinsulin. Proinsulin is changed into insulin after elim ination o f  C 

peptide by hydrolysis in a reaction catalysed by proteases called furines. Insulin is 

stored in granules as a polymer, probably a hexam er bound to two zinc atoms.
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Glucose, amino acids, fatty acids and ketonic bodies stimulate the secretion of 

insulin. However, the principal stimulant of insulin secretion is glucose (fig. 2.7). 

Glucose molecules penetrate into beta cells independently of the presence of insulin 

via Glut2 carriers located on the cell membrane. The glucose molecules are 

phosphorylated by glucokinase and consequently metabolised. This leads to the 

synthesis of ATP whose intracellular concentration increases and induces the 

closing of ATP-dependent potassium channels. The cessation of potassium exit 

causes depolarisation and opening of the voltage-dependent calcium channels as a 

consequence. The entry of calcium elicits the activation of A2 and C 

phospholipases that leads to the release of insulin by exocytosis into the portal 

venous system. This connects directly to the liver where up to nearly 50% of 

secreted insulin is retained and the remainder is distributed throughout the body.

The basal secretion of insulin is approximately 40 pg/h under fasting conditions 

with increases of secretion linked to meals. The aim of treatments employing 

exogenous insulin is to approach the physiological curve of secretion. After 

intravenous injection, the half-life of insulin in the plasma is approximately six 

minutes in healthy subjects and in those with diabetes. Its volume of distribution is 

equal to the volume of the extracellular fluid that is to say approximately 2 0 % of 

the body weight. Insulin, present in plasma as a free monomer, diffuses into tissues 

and can cross the blood-brain barrier with the aid of carriers. The renal insulin 

elimination is low because it is reabsorbed by the tubules after filtration. However, 

it is hydrolysed by metalloproteinases and reduced by cleavage of disulphide bonds 

subsequently leading to its elimination from the system.
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2.2.6 Solvents and reagents

D ichlorom ethane (99%) and absolute ethanol (99 -  100%) were obtained from 

VW R International Ltd. (Poole, Dorset, UK) while HPLC grade acetonitrile was 

obtained from Fisher Scientific Ltd (Loughborough, Leicestershire, UK). W ater 

was de-ionised via an O ption 4 w ater purification system (Elga Ltd., High 

W ycom be, Buckingham shire, UK). The pH m eter used in the preparation o f  the 

buffer solutions (model pH 211, H anna Instrum ents Ltd., Leighton Buzzard, 

Bedfordshire, UK) was calibrated in accordance to the m anufacturer’s instructions 

using pH 4 (phthalate) and pH 7 (phosphate) buffers obtained from Fisher Scientific 

Ltd. DPPC was purchased from A vanti Polar Lipids, Inc. (A labaster, AL, USA). 

A nalytical grade salts (potassium  hydroxide, potassium  phosphate, sodium sulphate 

and sodium  chloride), analytical grade acids (hydrochloric acid and trifluoroacetic 

acid [99+% ]), lactose, lysozym e (-95%  protein, -50 ,000  units/ mg protein), 

cholesterol (99%), insulin (> 27 USP units/m g [HPLC]) and Micrococcus 

lysodeikticus cells were obtained from Sigm a-Aldrich Company Ltd. (G illingham , 

Dorset, UK).
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2.3 Methods

2.3.1 Spray-drying of lactose solutions

Lactose solutions were spray-dried using a BÜchi B-191 mini spray-drier (BÜchi 

Labratoriums, Flawil, Switzerland, fig. 2.8). Initially the work of Hill et al (1998) 

was modified and the spray drying parameters were set as follows; Inlet temperature 

130^C, aspirator level 90%, pump speed 2% and airflow of the atomiser 900 Lh"\

2.3.1.1 Determination of optimal concentration of feed solution

100 mL solutions containing 1, 2, 3, 4 and 5% w/v lactose in de-ionised water were 

prepared. The solutions were spray-dried and the powder in the collection pot was 

weighed to determine the yield. The powders were stored in a desiccator prior to 

analysis. The particle size distribution of the powders was determined by laser 

diffraction (Section 2.3.6) and the microparticles were visualised using scanning 

electron microscopy (SEM) to determine their morphology (Section 2.3.5).

2.3.1.2 Determination of optimal spray-drying parameters

The physicochemical properties of spray-dried product are influenced by several 

factors that include the energy available for atomisation, feed properties, feed rate, 

airflow, drying temperatures, etc. In order to meet the desired lactose microparticle 

properties these factors need to be highly optimised. In this work, the process 

variables explored were inlet temperature, liquid feed rate, drying airflow rate and 

atomising air pressure on the lab-scale spray drier. Feed concentration (a 

formulation variable) was previously investigated (Section 2.3.1.1). The work of 

Prinn et al (2002) was followed to design a set of experiments (Table 2.3) using 

spray-drying parameters as variable factors in different levels as shown in Table 

2.2. The experiments as outlined in Table 2.3 were used to determine the optimal 

spray-drying parameters to produce lactose microparticles with desired physical 

properties.
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Fig. 2.8: BÜchi B-191 mini spray-drier (BÜchi Labratorium s, Flawil, Switzerland).

83



Table 2.2: Summary o f factors, units and levels o f spray drying conditions.

Factor Units Levels

A spirator (X i) % 70 80 90 100

Inlet tem perature (X 2 ) 130 150 180 2 2 0

A irflow  rate o f  A tom iser (X3 ) L/h 600 700 800 900

Pump rate (X 4 ) % 2 4 6  8

Table 2.3: Summary o f  experim ents designed to optimise spray-drying conditions

Experiment
No.

Aspirator 
(%, [XiD

Inlet 
temperature 

("c, [X2 I)

Air flow of 
atomiser 

(L/h, [X3 I)

Pump rate 
(%, [X4 I)

1 70 130 600 2

2 70 150 700 4

3 70 180 700 6

4 70 2 2 0 900 8

5 80 130 600 6

6 80 150 600 8

7 80 180 900 2

8 80 2 2 0 800 2

9 90 130 800 8

1 0 90 150 900 6

1 1 90 180 600 4

1 2 90 2 2 0 700 2

13 1 0 0 130 900 4

14 1 0 0 150 800 2

15 1 0 0 180 700 8

16 1 0 0 2 2 0 600 4

17 90 1 0 0 900 2

18 90 1 0 0 700 2

84



Lactose solutions were spray-dried using a BÜchi 190 mini spray-drier set with 

conditions corresponding to each experiment code as shown in Table 2.3. The 

spray-dried powders obtained were stored in a dessicator prior to analysis. Particle 

size distribution was determined for each sample using a laser diffraction technique 

(Section 2.3.6). The samples with appropriate particle size distribution were 

visualised using SEM (Section 2.3.5) to determine their morphology.

2.3.2 Effect of lysozyme on spray-dried microparticle properties

Experiments were designed to investigate the relationship between the content of 

lysozyme in spray-dried powders with the yield, size and stability of lysozyme after 

spray-drying measured as a percent-retained biological activity. The optimised 

spray-drying parameters used to produce lactose microparticles were used to 

produce lysozyme-containing microparticles. The concentration of the feed solution 

was maintained as optimised in section 2.3.1.1 while other spray-drying parameters 

were set as optimised in section 2.3.1.2. Lactose and lysozyme powders were 

weighed together to form powder compositions as shown in Table 2.4.

Table 2.4: Composition of lactose and lysozyme in the feed solution

Experiment
No.

% w/w Lactose % w/w Lysozyme

1 90 10

2 80 20

3 70 30

4 60 40

5 50 50

6 0 100

Lysozyme and lactose were dissolved in phosphate buffer adjusted to pH 7 and 

spray-dried. The spray-dried powders were stored in a desiccator prior to analysis. 

Collected particles were weighed to determine the yield and assayed for the retained 

biological activity of lysozyme. Particle size distribution of each powder was 

determined using laser diffraction (Section 2.3.6), visualised using SEM (Section
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2.3.5) to determine their morphology and the amide I region evaluated using 

infrared analysis (Section 2.3.9).

2.3.3 Effect of cholesterol and DPPC on spray-dried microparticle properties

Microparticles were prepared by spray-drying emulsions. The feed concentration 

was maintained at 2% w/w while the composition of the lysozyme and other 

excipients was varied as shown in Table 2.5. Water-insoluble excipients 

(cholesterol and DPPC) were dissolved in dichloromethane to form an oil phase 

while water-soluble components (lactose and lysozyme) were dissolved in 50 mM 

potassium phosphate buffer (Pérez and Griebenow, 2003) adjusted to pH 7 using 

IM KOH to form an aqueous phase. Both aqueous and oil phases in a ratio of 4:1 

v/v (Morishita et al., 1998) were homogenised to form an emulsion using an Ultra 

Turrax T25 homogeniser (IKA-Werke GmbH, Staufen, Germany) set at 24,000 rpm 

for 5 min. The emulsions were spray-dried using parameters optimised in Section 

2.3.1.2 and the spray-dried powders were stored in a desiccator prior to analysis. 

The morphology of the resulting powders was evaluated using SEM (Section 2.3.5). 

The powders were then assayed for retained enzyme activity (Section 2.3.8) and 

evaluated for MMAD using an aerodynamic particle sizer (Section 2.3.7).

Table 2.5: Formulation variables of the spray-dried emulsions

Experiment
No.

Lysozyme 
(% w/w)

Lactose
(%w/w)

Cholesterol 
(% w/w)

DPPC 
(% w/w)

1 40 20 0 40

2 40 20 10 30

3 40 20 20 20

2.3.4 Effect of solvent composition on spray-dried microparticle properties

The experiments were designed to investigate the influence of dichloromethane 

concentration on morphology, retained enzyme activity and MMAD of the spray- 

dried microparticles. The feed concentration was maintained at 2% w/w while the 

composition of the lysozyme and other excipients was selected from the best results
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of Section. 2.3.3. Lysozyme and lactose were dissolved in 50 mM phosphate buffer 

solution (pH 7) while DPPC and cholesterol were dissolved in dichloromethane. 

Both solutions were homogenised to form emulsions using an Ultra Turrax T25 

homogeniser (IKA-Werke GmbH, Staufen, Germany) set at 24,000 rpm for 5 min. 

The concentration of dissolved solutes was kept constant while solvent composition 

was varied to provide 20 to 80% v/v dichloromethane in the emulsions formed. The 

emulsions were spray-dried and the powders were stored in a desiccator prior to 

analysis. Aerodynamic particle size and morphology were determined using laser 

diffraction (Section 2.3.7) and SEM (Section 2.3.6) while retained biological 

activity of lysozyme was determined using turbidimetric assay method at A4 5 0 nm 

using a UV/VIS spectrophotometer (Section 2.3.9).

2.3.5 Sample visualisation

Samples were visualised using light microscopy (LM) and scanning electron 

microscopy (SEM). Surface and internal morphology of the microparticles were 

assessed using SEM. Mr. D. McCarthy of the SEM service at the School of 

Pharmacy (University of London) performed SEM analysis. To assess the internal 

morphology of the microparticles, the microparticles were placed on a glass slide 

and they were crushed by grinding using a second glass slide. Crushed and non

crushed samples were placed on metal stubs that had a double-sided adhesive 

carbon tape and they were spluttered with gold using an Emitech K550 (Emitech, 

Ashford, UK) and then visualized with a Philips XL20 electron microscope 

(Philips, Eindhoven, Holland).

2.3.6 Measurement of volume mean diameter

The particle size distribution was performed using a Malvern Instruments 

Mastersizer X (Malvern Ltd., Worcestershire, UK). The instrument operates with a 

He-Ne 632.8 nm laser source and measures in the particle size range of 0.5 - 900 

pm. The instrument is based on Mie theory that assumes a particle is a partially 

absorbing sphere, which is particularly true for particles less than 25 pm. However, 

to model the light scattering of the particles accurately, refractive indices of
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particles and dispersant (if used) together with absorption coefficient are required. 

Incorrect refractive index leads to incorrect allocation of the secondary peaks while 

the ratio of the refractive indices (particles: dispersant) when high can lead to an 

error. The instrument uses an “equivalent sphere” technique to calculate the volume 

diameter of the particle. The equivalent sphere is the sphere that would produce the 

same scattering intensities as the particle in question, which is approximately a 

sphere of equal volume.

A Malvern MS7 magnetically stirred small volume (15 mL) diffraction cell was 

thoroughly cleaned and filled with filtered absolute ethanol. Approximately 10 mg 

of sample was sonicated for 60 s using an XB6 Ultrasonic Bath (Grant Instruments 

Ltd., Royston, Herts, UK). The sample was pipetted dropwise into the MS7 cell 

until a suitable obscuration value was achieved (preferably 10 -  15%). A 

mathematical model or ‘presentation’ was used to generate a particle size 

distribution from the diffi*action data and the instrument was run in poly disperse 

mode. The sizing process was repeated three times for each sample to ensure 

reproducibility. Particle size distribution and volume median diameter were 

determined. Each experiment was repeated at least three times and results recorded.

2.3.7 Measurement of mass median aerodynamic diameter

The MMAD was determined using an Aerodynamic Particle Sizer (APS, Model 

3300, TSI Instruments Inc., St. Paul, MN, USA), a time of flight spectrometer that 

measures the velocity of particles in an accelerating airflow through a nozzle. Time 

of flight particle size analysis is based on the time taken for a particle to pass 

between two sensors (i.e. two broadly focused laser beams). As the particle passes 

through a beam, it scatters light, which is detected and converted to an electronic 

signal by a photomultiplier tube (PMT). One PMT detects light scattered as the 

particles pass through the first beam, whilst another detects light scattered as the 

particles pass through the second beam. The time between these two events gives an 

indication of the aerodynamic particle size of the particle using a pre-programmed 

calibration. The equipment was operated at 5 L min'^ compressed airflow and was 

equipped with two 3302-aerosol dilutors in sequence.
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The equipment was switched on for approximately 30 min before the airflow 

through the equipment was adjusted to the manufacturer-calibrated airflow values. 

Performance checks of the equipment were done using monodisperse latex spheres 

of known MMAD. The instrument acquired the sample through suction from 

overhead airflow and measurements were taken for 5 s, 20 times. The MMAD and 

geometric standard deviation (GSD) were calculated using Aim® software (TSI 

Instruments Inc., St. Paul, MN, USA). The measurements were repeated at least 

three times for each sample.

2.3.8 Assay of biological activity of lysozyme

Lysozyme degrades the cell wall of gram-positive bacteria (e.g. lactobacillus) but 

has no activity on gram-negative bacteria (e.g. acetobacter) due to their protective 

external membranes. The bacterial cell wall is made up of N-acetylglucosamine 

(NAG) and N-acetylmuramic acid (NAM) molecules that are joined together by 

either a p or a-glycosidic linkage. The enzyme is only specific to beta (1-4) NAM- 

NAG glycosidic bonds (Stryer, 1981). The enzymatic assay of lysozyme is 

therefore based on this activity with Micrococcus lysodeikticus cells used as a 

substrate (Equation 2.2).

Lysozyme
Micrococcus lysodeikticus  ► Micrococcus lysodeikticus Equation 2.2

(Intact) 25®C, pH=6.24 (Lysed)

Phosphate buffer (66 mM) was made by weighing 8.976 g of potassium dihydrogen 

orthophosphate into 1 L of de-ionised water. The pH was adjusted to 6.24 using 1 

M KOH at 25°C. A substrate suspension (0.015% w/v Micrococcus lysodeikticus 

cell suspension) was prepared by weighing 0.015 g of the cells into 100 mL 

phosphate buffer.
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Depending on the lysozyme concentration in samples, approximate weights 

(equivalent to 4 mg lysozyme used as raw material) were weighed into vials. 

Control lysozyme was weighed in triplicate into respective vials each containing 4 

mg of lysozyme used as raw material. In each sample and control-containing vial, 4 

mL of buffer solution was added and shaken well to form a clear solution. Then, 80 

pL of each solution was measured into another vial and diluted with 9920 pL of 

buffer solution.

The UV/VIS spectrophotometer (Model UV-1601, Shimadzu Corporation) was adjusted 

to 450 nm and 25®C. A blank rate was determined by pipetting 2.5 mL of substrate 

suspension into 1 cm quartz cuvettes and incubating for 5 min at 25^C in order to 

achieve temperature equilibration. Then 0.1 mL of buffer was added to a test 

cuvette and immediately the solutions were mixed by inversion. The decrease in 

A4 5 0 mn was recorded for 5 min. The same procedure was followed for each sample 

and control solution except that addition of 0.1 mL buffer solution was substituted 

with the addition of either sample or control solution. The change in absorbance 

units of samples, controls and blank were used to calculate the percent-retained 

activity of each sample using equations 2.3, 2.4 and 2.5.

Units/ml enzyme = fAAasonm /min Test - AAâ nnm /min Blank)(df) Equation 2.3
(0 .001) (0.1)

where df is dilution factor, 0.001 is the change in absorbance at A4 5 0 nm as per the 

unit definition, and 0.1 is volume (mL) of sample (or standard) used

Units/mg protein ^  units/ml enzvme Equation 2.4
mg protein/ml enzyme

The mg protein/ml enzyme is the % composition of protein in original sample 

multiplied by mg of sample (or standard) per ml.

% retained activity = Units/mg protein of sample x 100 Equation 2.5
Units/mg protein of standard
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2.3.9 Infra red analysis of lactose-lysozyme spray-dried powders

The infrared (IR) analysis of the amide I band of lysozyme was performed using a 

Thermo Nicolet Avatar 360 Attenuated Total Reflectance Fourier Transform 

Infrared (ATR-FTIR) spectrophotometer equipped with OMNIC™ software for 

spectral data acquisition (Plastics Technology Laboratories, Inc., Pittsfield, MA, 

USA). The spectrophotometer was set to perform a background scan prior to each 

measurement and collect 32 scans in each analysis at a resolution of 4 cm'^ over the 

scanning range of 3200 -  400 cm"\ Infrared spectra were obtained by pressing the 

sample against an internal reflection element (IRE) made of germanium. 

The infrared radiation was focused onto the end of the IRE where the IR radiation 

enters the IRE and reflects down the length of the crystal. At each internal 

reflection, the IR radiation actually penetrates a short distance (~1 pm) fi*om the 

surface of the IRE into the sample and this unique physical phenomenon enables 

infrared spectra of samples placed in contact with the IRE to be obtained.

2.3.10 Production of insulin-containing microparticles

The microparticles were prepared by spray-drying a water in oil emulsion. The feed 

concentration was maintained at 2% w/w while the composition of each component 

was maintained as follows: 40% w/w insulin, 20% w/w lactose, 10% w/w 

cholesterol and 30% w/w DPPC. Water-insoluble excipients (cholesterol and 

DPPC) were dissolved in dichloromethane to form the oil phase while water-soluble 

components (lactose and insulin) were dissolved in O.IM HCl to form the aqueous 

phase. Both aqueous and oily phases in the ratio of 4:1 by volume were 

homogenised to form an emulsion using an Ultra Turrax T25 homogeniser (IKA- 

Werke GmbH, Staufen, Germany) set at 24,000 rpm for 5 min. The emulsion was 

spray-dried using the parameters optimised in Section 2.3.1.2 and the spray-dried 

powders were stored in a desiccator prior to analysis. Three batches were prepared 

in order to examine inter-batch variability.
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2.3.11 Aerosolisation of insulm-containing microparticles

The three batches of insulin formulations were loaded into Clickhaler® devices (ML 

Laboratories PLC, St. Albans, UK [Fig. 2.9]). Aerosolisation characteristics of the 

insulin formulations were determined using a multistage liquid impinger (MSLI, 

Copley Scientific Instruments, UK, [Fig. 2.10]) operated at 60 L/min to determine 

their deposition profile (European Pharmacopoeia, 2005). The effective cut-off 

diameters were as follows: stage 1 == 13.0 pm, stage 2 = 6.8 pm, stage 3 = 3.1 pm, 

and stage 4 = 1.7 pm. Stages 1 to 4 of the impinger were filled with 20 mL of 

dissolving solvent (0.9%w/v NaCl in O.IM HCl) while a total collection filter was 

fitted in stage 5. A USP throat fitted with a rubber mouthpiece designed and 

moulded by Copley Scientific Instruments (UK) specifically for the Clickhaler® 

device was used. In each determination the filter and throat were washed with 20 

mL dissolving solvent. The content of insulin for each stage was assayed using 

reverse phase high-pressure liquid chromatography using the parameters in Table 

2 .6 .

Table 2.6: Reverse phase chromatography parameter settings (Appendix A).

Component Setting

Mobile phase 50mM sulphate buffer and acetonitrile (Ratio 70:30), pH = 

1.90 adjusted using trifluoroacetic acid.

Oven temperature 30“ C

Flow rate 1.0 ml/min

Column Hichrom CDS 5pm, 4.6mm x 150mm.

Injection Volume 100 pL

Detector UV detector set at 214nm
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Fig. 2.9: Clickhaler device (ML Laboratories PLC, St. A lbans, UK)

Fig. 2.10: M ulti-stage liquid im pinger (M SLI, Copley Scientific Instruments, UK)
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2.4 Results

2.4.1 Determination of optimal concentration of lactose feed solution

The volum e m edian diam eter [D (v, 0.5)] o f  all powders was found to be ver>  ̂

sim ilar and less than 3 pm  (Table 2.7), a size that is favourable size for inhalation 

powders (D avidson et al., 2006). Lactose solution (4% w/v) yielded pow der that 

had the highest yield and a high percentage o f  particles under 4.88 pm.

W hen powders from 4%  and 5% lactose solution were visualized using light 

m icroscopy, pow der spray-dried from 5% lactose solution (Fig. 2.11) was found to 

be more aggregated com pared to pow der obtained from 4%  lactose solution (Fig 

2 . 12 ).

Table 2.7: Particle size distribution o f  spray-dried lactose powders (n = 3 ± s.d.)

Lactose 
(% w/v)

D(v, 0.1) 
(pm)

D (v, 0.5) 
(pm)

D (v, 0.9) 
(pm)

%
Undersize 
4.88 pm

Span

1 0.75±0.0 1.74±0.1 5.82±0.2 84.35±0.2 2.9

2 0.76±0.0 1.79±0.1 5.96±0.2 85.65±0.2 2.9

3 0.75±0.0 1.75±0.1 6.72±0.5 83.76±1.5 3.4

4 0.76±0.0 1.75±0.1 6.49±0.5 86.25±3.7 3.3

5 0.76±0.0 1.76±0.1 8.87±0.2 82.22±0.8 4.6

The m icroparticles from 4% w/v lactose solution were spherical in shape but fused 

to each other as visualised using SEM (Fig. 2.13). A factor that may have led to the 

fusion o f  particles could be the powder was not dry enough to contain discrete 

particles, which could be an indication o f  inadequate drying tem peratures. In 

addition, the pow der may have absorbed m oisture from atm osphere during storage 

and this could have led to m icroparticles adhering and fusing to each other as 

observed on the SEM image (Fig. 2.13).
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Fig. 2.11: Light m icroscopy im age o f  
lactose spray-dried from 5% w /v feed 
solution.
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Fig. 2.12: Light m icroscopy im age o f  
lactose spray-dried from 4% w/v feed 
solution.
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Fig. 2.13: SEM im age o f  lactose spray-dried from 4% w /v feed solution.
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However, from these results it was deduced that spray-drying the 4% w/v lactose 

solution yielded microparticles with the desired characteristics (high yield 

[approximately 42 % relative to initial powder mass], concentration of fine 

particles, and concentration of feed concentration) and hence, a feed solution of 4% 

w/v concentration was used to optimise spray-drying parameters in the next set of 

experiments.

2.4.2 Optimisation of spray-drying parameters.

All spray-dried lactose powders produced in this section of the experimental studies 

had a volume median diameter [D (v, 0.5)] of less than 3 pm (Table 2.8), which is 

the favourable size for inhalation powders (Dunbar et al., 2002). Samples from 

experiments 6, 7, 9, 12, 13, 15 and 17 (see table 2.3) had a Span of less than 3. 

Samples 7, 13, 15 and 17 had a higher percentage of microparticles that were less 

than 4.88 pm compared to samples 6, 9, and 12 (p < 0.05). Sample 17 had the 

highest yield (around 40% relative to initial powder mass) compared to samples 7, 

13 and 15.

The SEMs (Fig. 2.14) revealed that microparticles obtained were spherical, fiised to 

each other and less than 5 pm. The SEM analysis was performed in a span of a 

fortnight and during this period the powder may have absorbed moisture from 

atmosphere. This could have led to microparticles adhering and fusing to each other 

as observed from the SEM images (Fig. 2.14). Microparticles from sample 17 

looked more uniform in size compared to the rest. Fusion of microparticles might 

have caused the high D (v, 0.9) percentile. Powder from sample 17 offered the 

approximate desired combination of characteristics compared to other powders. In 

addition, low drying temperature (inlet temperature = lOO^C) was used and this 

would be an advantage when spray-drying formulations containing protein. 

Therefore, the processing parameters used to produce sample 17 were considered as 

optimal for the production of the consequent formulations.
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Table 2.8: Particle size distribution o f  spray-dried lactose powders from 4% w/w 
feed solution concentration (n = 3 ± s.d.)

Sample D(v, 0.1) D (v, 0.5) D (v, 0.9) 
No. (pm) (pm) (pm)

%
Undersize 
4.88 pm

% Span 
Yield

1

2

3

4

5

6

7

8

9

10 

1 1  

12

13

14

15

16

17

18

0.91±0.1

0.80±0.0

0.79±0.0

0.80±0.0

0.69±0.0

0.80±0.1

0.75±0.1

0.76±0.0

0.78±0.1

0.75±0.1

0.80±0.1

0.89±0.1

0.71±0.0

0.69±0.0

0.72±0.0

0.71±0.0

0.70±0.0

0.70±0.0

2.46±0.2

2 .01± 0.1

2.02±0.2

2.23±0.2

1.35±0.3

2.02±0.4

1.66±0.3

1.77±0.1

1.91±0.4

1.70±0.2

1.95±0.3

2.27±0.3

1.47±0.1

1.39±0.3

1.52±0.1

1.51±0.1

1.41±0.1

1.43±0.1

12.80±2.8

8.02:L0.9

13.27±3.4

8.68± 2.0

6.28±5.5

6.05±1.4

5.21±0.7

10.36^2.7

6.27±1.2

10.93±4.7

7.82±1.7

6.48±1.8

4.94±0.8

13.16±6.7

5.04±0.7

5.75±2.1

4.33±0.4

8.95±6.4

73.73±2.8

81.09±1.7

77.01±2.7

76.28±2.3

90.70±7.0

84.58±6.5

88.54±2.8

81.53±2.7

84.25±5.5

84.12±4.1

81.88±4.6

83.32±7.1

90.24±2.3

85.61±3.2

89.87±2.0

89.21±2.1

91.98±1.6

88.53±2.9

7±3 4.8

8±11 3.6

9±7 6.2

51±6 3.5

23±9 4.1

59±15 2.6

31±5 2.7

25±16 5.4

47±17 2.9

28±21 6.0

19±16 3.6

31±10 2.5

14±13 2.9

11±8 9.0

7±2 2.8

36±2 3.3

40±12 2.6

48±4 5.8
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SEM o f  m icroparticles o f sam ple 18 SEM o f  m icroparticles o f  sam ple 17
r

-----1 bpm
r M/U03 iel l4052

SEM o f  m icroparticles o f  sam ple 16 SEM o f  m icroparticles o f  sam ple 6

SEM  o f m icroparticles o f  sam ple 9 SEM  o f  m icroparticles o f  sam ple 4

Fig. 2.14: SEM s o f  some spray-dried lactose m icroparticles from 4% w/w 
feed solution concentration.
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2.4.3 Effect of lysozyme on spray-dried microparticle properties

Lysozym e-lactose spray-dried pow ders w ere produced from a m ixed feed solution 

using the optim ised spray-drying param eters o f sam ple 17 (Section 2.4.2). The 

powders w ere characterised by a high yield and high retention o f  lysozyme 

biological activity (Table 2.9). However, there was a decrease in the percent- 

retained activity o f  lysozym e as the concentration o f  lysozym e increased in the 

powder. 10% w /w  pow der had the highest retained activity o f  93% while there was 

no significant difference noted on product yield (p < 0.05, Table 2.9). 100% spray- 

dried lysozyme had a retained activity o f  around 69%  and this indicated that 

lysozym e is a relatively therm ostable enzyme. H owever, co-spray drying o f 

lysozym e with lactose increased lysozyme stability against heat and hence the 

higher retention o f  biological activity .

Table 2.9: Yield and retained activity o f lactose-lysozym e powders from 4%  w/w 
feed solution concentration (n = 3 ± s.d.)

Lysozyme powder (% w /w ) Yield (%) Retained Activity (%)

10 42 ± 9.7 93 ± 15.0

20 51 ± 9 .0 92 ± 14.3

30 47 ± 12.9 89 ±  9.2

40 51 ± 8 .7 73 ± 2 .1

50 47 ± 9 .4 68 ± 5 .8

100 37 ± 10.4 69 ± 1.0

Evaluation o f  lactose-lysozym e spray-dried powders by infrared analysis revealed 

that the intensity o f  amide 1 region was a function o f lysozym e concentration with 

the form ulation containing the highest concentration o f  lysozym e (50%) showing 

the highest intensity (Fig. 2.15; Table 2.10). SEM indicated that co-spray drying o f  

lactose and lysozym e resulted in particles with acceptable m orphology. The 

m icroparticles w ere not fused to each other and they w ere either folded or dimpled 

in shape (fig 2.16). SEM o f  100% spray dried lysozym e show ed that the particles 

w ere porous in addition to being dimpled.

99



All the form ulations had a V M D  less than 2 pm with 40%  w/w offering 

m icropartieles with low span, high concentration o f lysozym e as well as highest 

concentration o f  particles less than 4.88 pm  (Table 2.10). Therefore, 40% w/w 

lysozym e was chosen for further investigation. However, there w as still a need to 

m onitor the retained biological activity o f  lysozym e in subsequent work.

Table 2.10: Particle size distribution o f  lactose-lysozym e form ulations from 4% 
w/w feed solution concentration (n = 3 ± s.d.)

% w/w 
Lysozyme

D (v, 0.1) 
(^im)

D (v, 0.5) 
(^im)

D (v, 0.9) 
(^im)

% Undersize 
4.88 urn

Span

10 0.75±0.1 1.97±0.3 25.65±3.9 67±17.8 12.6

20 0.78±0.0 1.83±0.2 14.43±8.4 82±3.4 7.5

30 0.73±0.0 1.56±0.0 6.10±1.8 88±138 3.4

40 0.69±0.0 ].36±0.0 5.29±2.3 91±2d5 3.4

50 0.69±0.0 1.33±0.0 10.75±8.3 87±6d) 7.6

10%\v/w Lvsozvm e powder

Increasing
Lysozym e
concentration

50% w /w  Lvsozvm e powder

2000 1500

W avenum ber tc m 'h

Fig. 2.15: FTIR spectra (amide I region) o f spray dried lysozym e-containing 
m icropartieles from 4%  w /w  feed solution concentration

00



 1
nozme Ret 1483

10% w /w  Lysozym e powder

30% w /w  Lysozym e pow der

20% w /w  Lysozym e pow der

Æ

40% w /w  Lysozym e pow der

50% w /w  Lysozym e pow der 100% w /w  Lysozym e pow der

Fig. 2.16: SEMs o f  spray-dried lactose-lysozym e and lysozym e microparticles.
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2.4.4 Effect of cholesterol and DPPC on spray-dried lysozyme containing
microparticles properties

A stable oil in w ater em ulsion w as formed after hom ogenisation and spray-drying 

the em ulsions produeed porous m ieropartieles (Table 2.11). The formulation 

variables are shown in Table 2.5. The m ieropartieles were characterised by high 

retention o f  lysozym e biological activity and M M ADs that w ere w ithin the 

respirable range (Table 2.11). An increase o f  activity was noted after the inclusion 

o f  cholesterol and DPPC com pared to when lysozym e (40% w/w) and lactose (60% 

w/w) w ere spray-dried alone (Table 2.9). This could partly be explained by 

inactivation o f  the lysozy me adsorbed at the surface o f  spray-dried m icroparticles, 

as proteins are known to be surface active. The surface concentration o f lysozym e 

in the spray-dried powders processed from the em ulsions was controlled by addition 

o f  DPPC to the mixture before drying. This is likely to be adsorbed preferentially at 

the air/liquid interface o f the spray droplets, thus expelling protein from the surface 

and consequently leading to increased activity o f the form ulations containing DPPC 

and cholesterol. This was in agreem ent with the findings o f  Fureby-M illqvist et al 

(1999) in their study o f spray-dried trypsin in a m ixture o f  various carbohydrates 

and surfactant (Polysorbate 20).

Table 2.11: Effect o f  cholesterol and DPPC on M M AD, activity and m orphology o f  
spray-dried lysozym e-containing m ieropartieles (n = 3 ± s.d.)

Sample
No.

Yield
(% )

MMAD
(pm)

GSD Retained
Activity
(% )

Morphology

1 20 3.76±0.16 2.04±0.03 96&3 Porous

2 52 3.59±0.15 2.04±0.03 97±2 Porous

3 44 3.55±0.15 2.08±0.04 99±6 Porous

Sample 2 (Table 2.11) w as considered for further investigation due to the low 

am ount o f  cholesterol used as well as high retention o f  biological activity, low 

M M AD  and high porosity o f  the m icroparticles.
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2.4.5 Effect of solvent composition on spray-dried microparticle properties

An oil in water emulsion was formed with 20% v/v dichloromethane. After spray 

drying, spherical, porous microparticles having smooth surfaces were produced 

(Fig. 2.16). Less stable oil in water emulsions were formed with 40 and 50% v/v 

dichloromethane. Sediments of oil droplets were observed after approximately 3 

min due to the high density of dichloromethane compared to water. After spray- 

drying, wrinkled, porous or hollow microparticles were produced (Fig. 2.18). A 

poorly stable water in oil emulsion was formed with 60% v/v dichloromethane, with 

creaming of aqueous droplets observed after approx. 3 min. Spray-drying produced 

spherical, porous microparticles (Fig. 2.19). A water in oil emulsion was produced 

with 80% v/v dichloromethane, and the microparticles obtained after spray drying 

showed no evidence of porosity (Fig. 2.20). This could be explained by the presence 

of the volatilising agent (dichloromethane) on the surface of the spray-droplet rather 

than being internalised and therefore dichloromethane evaporated easily from the 

surface of the droplet. This left the spray-droplet with water alone that is known to 

evaporate slowly with a balanced vapour pressure and solvent permeation rate 

through the crust leading to small dense microparticles (Wang and Wang, 2002).

A polydisperse population (GSD > 1.2, Fig. 2.21) was produced in each experiment. 

However, there was no significant difference (p<0.05) in the MMAD of 

microparticles produced from emulsions containing between 20 and 60% v/v 

dichloromethane (Fig. 2.21). In contrast, the MMAD of microparticles was 

significantly larger (p<0.05) when an emulsion with 80% v/v dichloromethane was 

spray-dried (Fig. 2.21). This confirmed the reduced or lack of porosity of the 

particles as visualized in SEMs, with resultant particles being relatively dense with 

large MMAD.

Spray-dried lysozyme with no excipients yielded microparticles with a retained 

biological activity of 69 ± 1.0 % (Table 2.9). Fig. 2.22 shows that the excipients 

used in microparticle production stabilised the native structure of lysozyme during 

processing, resulting in retained activity that was considerably greater than 69%.
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An em ulsion containing 20% v/v dichlorom ethane was considered appropriate for 

further investigation due to the low am ount o f  organic solvent used for the 

form ation o f  a stable oil in w ater em ulsion, w hich ensured high porosity o f  the 

m icropartieles, characterised with low M M AD  and high retention o f  lysozyme 

activity.

Fig 2.17:Lysozym e -  containing
m icroparticle from 20% v/v 
dichlorom ethane em ulsion.

Fig 2.18: Lysozym e -  containing
m icropartieles from 40%  v/v 
dichlorom ethane em ulsion

Fig 2.19: Lysozym e -  containing
m ieropartieles from 60%  v/v 

dichlorom ethane em ulsion

Fig 2.20: Lysozym e -  containing
m ieropartieles from 80% v/v 
dichlorom ethane em ulsion
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Fig.2.21 : Effect o f  DCM concentration on M M AD and GSD o f spray-dried 
lysozym e containing m icroparticles (n = 5 ± s.d.)
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Fig.2.22: Effect o f  DCM  concentration on retained aetivity o f spray-dried lysozym e 
containing m icroparticles (n = 3 ± s.d.)
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2.4.6 Aerosolisation of spray-dried insulin microparticles

The em itted dose (ex-actuator) from the C hckhaler^ device as determ ined by assay 

o f insulin content in the em itted pow der was 0.50 ± 0.03 m g insulin/actuation. This 

indicated that the device was aerosolising approxim ately 1.25 mg o f  spray-dried 

powder form ulation. The deposition profile (fig. 2.23) o f  the m icroparticles showed 

that approxim ately 71% w /w  (FPF <3 , ^m) insulin could be deposited in the 

peripheral airways o f  the respiratory tract. This translates to 0.355 m g o f  insulin per 

actuation as fine particle dose (FPD). H owever, particles larger than 2 pm are more 

likely to deposit in the oropharynx or proxim al bronchial tree instead o f reaching 

the distal alveoli (Davidson et al., 2006) and therefore FPF < 1 7  (44% w /w ) was

predicted as the useful FPF that would reach the alveolar region o f  the lung. 

Therefore, the useful FPD was approxim ately 0.22 mg o f  insulin per actuation.

HPLC chrom atogram s o f samples (fig. 2.24) in the individual MSLI stages w ere 

com parable to chrom atogram s obtained from the unprocessed insulin (fig. 2.25). 

This suggested that there was neither physical nor chem ical degradation o f  insulin 

after processing.
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Fig.2.23: D eposition profile o f  insulin-containing m icroparticles from a Clickhaler^ 
device into a M SLI operating at 60 L min'^ (n = 5 ± s.d.).
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Fig.2.24: Typical HPLC chrom atogram  o f  a sam ple solution from
insulin-containing m icroparticles deposited in MSLI stages
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Fig.2.25: Typical HPLC chrom atogram  o f  standard insulin solution
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SEM (Fig. 2.26) showed that the insulin-containing m icropartieles w ere porous and 

irregular in shape.

Fig 2.26: SEM o f  insulin-containing m icroparticles

2.5 Discussion

Large porous m icropartieles containing either lysozym e or insulin were produeed 

using an oil in w ater em ulsion spray-drying method. The porosity o f  the 

m ieropartieles was governed by the am ount o f  the volatile agent (dichlorom ethane) 

present in the em ulsion (Section 2.4.5). In addition, porosity was also dependent on 

the m aterials spray-dried. W hen 100% lactose was spray-dried, sm aller and non- 

porous m ieropartieles were produced (Sections 2.4.1 and 2.4.2). Spray-drying o f 

lactose and lysozym e leads to m ieropartieles w ith folded/irregular surface 

m orphology (Section 2.4.3). The irregular surface morphology o f  the m ieropartieles 

w ould avoid close contact between them and this would be predicted to translate to 

low er inter-particulate cohesion that leads to better dispersion and aerosolization o f
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the microparticles (French et aL, 1996; Maa et al., 1998; Chew and Chan, 2002). 

Porosity was observed when 100% lysozyme was spray-dried (Section 2.4.3) and 

this indicates proteins can lead to particles with low density. This is in agreement 

with Vanbever et al (1999) who observed that spray drying of DPPC and lactose 

resulted in smaller and denser particles while albumin inclusion formed larger 

particles with low density.

A two-step manufacturing process has been used in the production of large porous 

microparticles i.e. emulsion formation and a spray drying stage. In each stage, 

protein (lysozyme or insulin) can potentially be degraded. However, the results 

indicate that the biological activity of lysozyme was retained after processing. The 

HPLC analysis of insulin suggests that insulin was not chemically or physically 

altered after processing.

During the formation of the emulsion, proteins are exposed to mechanical stress and 

organic solvent that can lead to aggregation and dénaturation of protein (Jorgensen 

et al., 2003). Proteins can be localized in the oil-water interface of the emulsion, as 

they are surface active and this can lead to interface-induced dénaturation. 

However, in this work DPPC was added to the emulsion as an emulsifier and 

therefore excluded the protein from the interface reducing the chances of interface- 

induced dénaturation (Bam et al., 1998). In addition, the presence of DPPC in the 

formulation can reduce alveolar macrophage clearance of the microparticles if it is 

located on the surface of the microparticles potentially prolonging in vivo efficiency 

(Evora et al., 1998).

In contrast to previous methods used for spray drying emulsions to produce large 

porous microparticles containing protein (United States- Patent: 6, 858, 199, 

Edwards et al., 1997, Edwards et al., 1998), the current method has illustrated 

application of cholesterol as a structural component in the formation of large porous 

microparticles. Other biodegradable polymers (like PLGA and poly(lactic acid-co- 

lysine-graft-lysine)) have previously been used as structural excipient to achieve 

porous structure. However, these polymers require extensive toxicological studies 

that lead to extended product development cycles and this may be significantly 

reduced by using cholesterol. In addition, the use of cholesterol in the large porous
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microparticles formulation may be of benefit as it may reduce alveolar macrophage 

clearance of the microparticles and potentially enhance in vivo efficiency in a 

similar mechanism like that described for DPPC (Evora et al., 1998).

High temperatures are used during spray-drying operation. However, due to 

evaporative-cooling effect caused by evaporation of solvent from the droplet, the 

droplet is subjected to less heat in comparison to surrounding drying air medium, 

typically 15 -  20^0 below the outlet air temperature (Mumenthaler et al., 1994). 

But, as drying continues the temperature within the droplet rises and tends to 

equilibrate with outlet air temperature. Therefore, high outlet air temperature could 

lead to heat-induced dénaturation of protein and vice versa. The degradation of 

spray-dried insulin has been found to be affected by the process variables that 

determine the outlet air temperature, i.e. inlet air temperature, aspirator capacity and 

feed flow rate (Stahl et al., 2002).

Inclusion of lyoprotectants (e.g. lactose) in this work has been found to protect 

protein from heat-induced dénaturation (section 2.4.3). However, addition of 

cholesterol and DPPC to the formulation (section 2.4.4) further protected protein 

from dénaturation. This could be explained by the opinion that the liquid-air 

interface of the spray-droplets during spray-drying is preferentially occupied by the 

surfactant (DPPC) rather than the protein, reducing protein unfolding and 

aggregation during spray drying (Fureby-Millqvist et al, 1999). In addition, 

internalisation of protein in the microparticles could protect protein from direct 

exposure to atmospheric oxygen and humidity during storage. This would be an 

advantage as it may potentially protect protein from oxidation and hydrolysis 

reactions that would cause degradation subsequently improving storage stability of 

the product.
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2.6 Conclusion

This work provides a better understanding of the utility of volatising solvents in an 

emulsion spray-drying process. It has been found that the use of volatilising 

solvents alongside other endogenous excipients like cholesterol and DPPC in an 

emulsion could influence morphological features as well as process stability of 

proteins in the spray-dried large porous microparticles. This could have a potential 

use in fabrication of large porous microparticles containing protein therapeutics that 

have the desired characteristics suitable for protein/peptide drug delivery via the 

respiratory tract.
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CHAPTERS 

Nanoparticles Containing Lysozyme

112



3.1 Introduction

Nanoparticles are solid colloidal particles whose geometric diameters are within the 

submicron region (<lpm) in which biologically active molecules can be trapped, 

dissolved and/or encapsulated. Previously, inhalation therapy consisting of drug- 

containing nanoparticles has been recommended as an alternative to large porous 

microparticles since nanoparticles can be deposited in the lung fluid and escape 

both phagocytic and mucociliary clearance mechanisms (Tsapis et al, 2002).

In equation 2.1, it is shown that aerodynamic diameter, which determines the 

aerosolization properties of particles, is directly proportional to the geometric 

diameter of the particles. This suggests that, nanoparticles could form a successful 

aerosol delivery system of macromolecules, as they possess an excellent geometric 

size that could positively influence the aerosolization properties of an aerosol 

delivery system. Ridder (2004) manufactured a pMDI formulation containing 

beclomethasone dipropionate (BDP) nanoparticles. The BDP nanoparticle pMDI 

formulation demonstrated an improved fine particle fraction of >50% compared to 

37% obtained from a commercially available CFC based BDP microparticle pMDI 

formulation (Becotide™).

Freeze-drying is frequently used when developing drugs with stability issues for 

human use. The process can also be used to form nanoparticles containing 

macromolecules and incorporate stabilizing excipients such as surfactants, buffers, 

sugars, etc., that are usually included in freeze-dried formulations to enhance 

product stability. However, prior to freeze-drying, other techniques that control 

particle size such as émulsification, crystallization, salting out, and precipitation 

techniques may be applied to control the particle size of the freeze-dried product. 

Not only do these methods allow modulation of particle size, but the morphology, 

internal structure, drug loading, drug encapsulation efficiency, and release kinetics 

can also be modulated. The understanding of the relationship between 

physicochemical parameters and the effects on nanoparticle features would allow 

nanoparticles to be designed with the desired physical and chemical properties for 

delivery to specific cells or organs in the body.

113



The émulsification method was first proposed by Vanderhoff et al. (1979) and 

involves the formation of micro-emulsions (i.e. complex micro-emulsions) and 

emulsions (e.g. water in oil emulsion). Micro-emulsions are clear and stable 

optically isotropic systems that are spontaneously formed upon mixing water, oil 

and surfactants and/or co-surfactant thereby overcoming the need for additional 

input of energy (Danielsson and Lindman, 1981). In contrast, emulsions are 

exposed to a high-energy source such as ultrasound, homogenizers, colloid mills or 

micro fluidizers to reduce the droplet size. In addition, emulsions are 

thermodynamically unstable systems and require the use of surfactants for stability 

(Benita, 1998), A variety of both synthetic and natural surfactants have previously 

been used to stabilize emulsions, but it is critical to identify surfactants that are 

biocompatible with drug delivery via inhalation. Surfactants like lecithin, oleic acid 

and Span 85 (sorbitan trioleate) are commercially used in pMDIs for asthma 

therapy. Block copolymers of polyoxyethylene polyoxypropylene (poloxamer), 

polyoxyethylene castor oil derivatives (Cremophors®), polyoxyethylene sorbitans 

(Tweens®), and to a lesser extent, acetylated monoglycerides are already included in 

the various pharmacopoeias for parenteral administration and therefore can be 

considered for emulsion formulation design (Benita, 1998). However, further work 

is required to determine their safety upon inhalation.

Fessi et al (1989) first described the nanoprecipitation (or solvent displacement 

method) technique for the manufacture of nanoparticles. The technique is mostly 

suitable for the formation of nanoparticles containing a hydrophobic drug and a 

polymer, usually PLGA, cellulose derivatives or poly 8-lactones. The polymer and 

drug are dissolved in a water miscible solvent (e.g. acetone or ethyl acetate) and 

introduced into a non-solvent of drug plus polymer (usually water containing 

surfactant). This result in rapid desolvation of the polymer and the drug when the 

polymer-drug solution is added to the non-solvent and consequently 

nanoprecipitates are formed (Doelker et al, 2005). Other research findings have 

shown that the nanoprecipitation method can be modified to produce nanoparticles 

containing hydrophilic drugs or biopharmaceuticals. Govender et al (1999) 

efficiently entrapped procaine hydrochloride when the aqueous pH was set at a 

value that reduced drug ionization and lowered its aqueous solubility. Barichello at
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al (1999) demonstrated the use of a biodegradable polymer (PLGA) to produce 

nanoparticles with surface-bound peptides by a solvent diffusion technique and 

consequently, improved their bioavailability.

Handling of bulk dry nanoparticles has previously proved to be difficult due to their 

small size. This leads to increased inter-particle cohesive forces that negatively 

influence the aggregation behaviour of the nanoparticles, making it a challenging 

task to formulate nanoparticles as an inhaled dry powder delivery system. However, 

there is a promising option of formulating drug-containing nanoparticles as a pMDI 

formulation where the dispersant (propellants like HFA 134a) can provide energy 

for de-aggregating the nanoparticles (Dickinson et al, 2001).

The objective of this chapter was to explore the application of émulsification and 

precipitation techniques coupled with freeze-drying as a potential process 

technology for producing nanoparticles containing a model protein (lysozyme). This 

chapter has investigated factors that affect the émulsification and nanoprecipitation 

methods with the aim of optimizing formulation and processing parameters that can 

be used to produce nanoparticles with desired characteristics (i.e. size and retained 

biological activity of lysozyme).

3.1.1 Lecithin (phospholipids)

Lecithin is a naturally occurring surfactant and emulsifier. Its composition and 

physical properties vary enormously depending upon its source with the proportions 

of various acetone-insoluble phosphatides varying according to the type of lecithin. 

The regulatory status of lecithin makes it widely use emulsifier for inhalation 

product compared to other surfactants. Lecithin is generally regarded as safe, 

included in the FDA Inactive Ingredients Guide, non-parenteral and parenteral 

medicines licensed in UK; and it is accepted as a food additive in Europe.

Phospholipid molecules contain glycerol, two fatty acids, and a phosphate group 

with some other moiety attached to its other end. The hydrocarbon tails of the fatty 

acids are hydrophobic but the phosphate group region of the molecule is hydrophilic
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due to the presence of the oxygen atoms with all of their pairs of unshared electrons, 

and therefore giving the molecule surface-active characteristics.

The purity of lecithin required varies depending on its intended use. It has been 

noted that the emulsifying properties of lecithin are superior when it occurs as a 

mixture of phosphatidylcholines and its naturally occurring by-products e.g. 

phosphatidylethanolamine. Hansrani (1980) found that various minor lecithin 

components like phosphatidic acid; phosphatidylinositol, phosphotidylserine and 

especially the lysophospholipids were able to contribute to enhanced emulsion 

stability. Soya lecithin contains more phosphatidic acid and phosphatidylinositol 

compared to egg lecithin, and is reported to show excellent emulsifying properties 

(Rydhag, 1979). The commercially used egg yolk lecithin designed for parenteral 

use (Lipoid E80® or egg phosphatides for Intralipid^) is enriched in 

phosphatidylcholine at the expense of phosphatidylethanolamine, compared with 

the crude product. In contrast to phosphatidylcholine, which carries a zwitterionic 

charge on its head group, a few components are negatively charged or uncharged at 

neutral pH values (Szoka and Papahadjopoulos, 1980). These differences cause 

different hydration behaviour of the head groups, which is in turn responsible for 

different molecular head group space requirement and packing behaviour.

3.1.2 Liquefied aerosol propellants

One of the major features of a successful delivery of drug using an inhaler is the 

source of aerosolization energy. The source of aerosolization energy is either 

internal or external depending upon the type of inhaler used. Pressurized metered- 

dose inhalers (pMDIs) use a liquefied propellant that provides aerosolization energy 

internally. Previously, aerosol formulations containing proteins and peptides have 

been developed using chlorofluorocarbons (CFCs) as propellants (Evans et al, 

1991). This method requires a surfactant that is soluble in CFCs and capable of 

forming reverse micelles in the presence of water, e.g. phospholipids, oleic acid and 

sorbitan mono and tri-oleates (Evans et al, 1991). In the formulation, protein is 

solubilised in a small quantity of water which is separated from the non-polar 

solvent environment by a layer of surfactant molecules with their hydrophobic ends
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oriented towards the solvent molecules. However, CFC propellants have been 

phased out due to their ozone depleting properties (Montreal Protocol, 1989) 

therefore limiting the application of CFCs in such formulations.

An attempt to get a replacement for CFCs has led to the use of dimethyl ether as a 

propellant. DME is an effective propellant and has been used for diagnostic agents 

targeted to the human respiratory system (Brown and George, 1997). Aerosol 

formulations containing proteins and DME as propellant have been previously 

developed (Brown and Slusser, 1994; Brown and Pickrell, 1995). However, adverse 

effects have been reported while using DME as a propellant preventing its use in 

pMDI formulations (Williams III et al., 1998). In addition, dimethyl ether is 

flammable and not approved for human use by the FDA.

The leading candidates to replace CFC propellants are hydrofluoroalkanes (HFAs). 

Currently there are two HFAs approved for human use, i.e. HFA 134a and HFA 

227. As they do not contain chlorine, they possess zero ozone depletion potential 

and their global warming potential is two to 100 -  fold lower compared to CFCs 

(Adjei and Gupta, 1997). They also differ from CFCs in their polarity and 

solubilising properties. It has been reported that HFAs are more polar compared to 

CFCs and they can solubilise more hydrophilic compounds (Blondino and Bryon, 

1998). In addition, they are non-flammable and chemically inert making them ideal 

for use in medical products from safety and toxicological points of view. While 

HFAs are favourable to replace CFCs, it has been very difficult to develop pMDI- 

based formulations using them as propellants. However, aerosol formulations 

containing proteins and HFAs as propellants have been developed previously using 

HFAs with ethanol as a co-solvent (Williams III et al., 1998).
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3.1.3 Materials

Dichloromethane, chloroform and absolute ethanol were obtained from VWR 

International Ltd. (Poole, Dorset, UK) while HFA 134a was purchased from Solvay 

Flour and Derivate GmbH (Hannover, Germany). Water was distilled via an Option 

4 water purification system (Elga Ltd., High Wycombe, Buckinghamshire, UK). 

The pH meter used in the preparation of the buffer solutions (model pH 211, Hanna 

Instruments Ltd., Leighton Buzzard, Bedfordshire, UK) was calibrated in 

accordance to the manufacturer’s instructions using pH 4 (phthalate) and pH 7 

(phosphate) buffers obtained from Fisher Scientific Ltd. Salts (potassium 

hydroxide, and potassium Phosphate), lactose, oleic acid. Span 85, lysozyme and 

Micrococcus lysodeikticus cells were obtained from Sigma-Aldrich Company Ltd. 

(Gillingham, Dorset, UK). Lecithin (Lipoid E80) was kindly donated by Lipoid 

GmbH (Ludwigshafen, Germany) and DPPC was purchased from Avanti Polar 

Lipids, USA.

3.2 Methods

3.2.1 Production of lactose nanoparticles by an émulsification method

Initially, the work of Cook et al (2005) was modified to produce lactose 

nanoparticles. Briefly, 100 mg of lactose was weighed into a 7 mL vial and 1 ml of 

50 mM phosphate buffer (pH = 7) was added to form the aqueous phase of the 

emulsion. Lecithin was weighed in separate vials and 7 mL of chloroform was 

added to form the oily phase. The concentration of lecithin in the oily phase was 

varied from 2 to 10% w/v to investigate the optimal concentration for production of 

nanoparticles. The aqueous phase was then added into the oil phase drop-wise while 

homogenizing at low speed (10,000 rpm) and later the emulsion was homogenized 

for 5 min at high speed (24,000 rpm). This was followed by immediate snap 

freezing using liquid nitrogen to immobilise the emulsion. The frozen emulsion was 

freeze-dried to remove water from the frozen microscopic aqueous droplets (section 

3.2.4). The lactose nanoparticles were purified and recovered as described in section 

3.2.5 and their size determined as described in section 3.2.6.
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3.2.2 Production of lysozyme-containing nanoparticles by an émulsification 
method

This procedure was aimed at optimizing the percent composition of lysozyme in the 

nanoparticles as well as investigating the effect of replacing chloroform as an oil 

phase solvent with dichloromethane. Briefly, 200 mg of lecithin was dissolved into 

chloroform to form the oily phase. Lysozyme and lactose were dissolved in a 

phosphate buffer at a ratio of 100:0, 95:5, 90:10, 85:15, and 80:20. The aqueous 

phase was then added into the oil phase drop-wise while homogenizing at low speed 

(10,000 rpm) and later the emulsion was homogenized for 5 min at high speed 

(24,000 rpm). This was followed by immediate snap freezing using liquid nitrogen 

to immobilise the emulsion. The frozen emulsion was freeze-dried to remove water 

from the frozen microscopic aqueous droplets (section 3.2.4). The lysozyme- 

containing nanoparticles were purified and recovered as described in section 3.2.5 

and their size determined as described in 3.2.6. The retained biological activity of 

lysozyme after processing was determined using a turbidimetric assay (section 

3.2.8).

To investigate the effect of dichloromethane, chloroform was replaced by 

dichloromethane as an oily phase solvent. The lysozyme:lactose ratio was 

maintained at 80:20 while all other processing and formulation parameters were 

adopted from the above procedure. The nanoparticles obtained were characterized 

and compared to those obtained using chloroform as an oily phase solvent.

3.2.3 Production of lysozyme-containing nanoparticles by nanoprecipitation

Lysozyme (80 mg) and lactose (20 mg) were weighed into a glass vial to form a 

composition of 80% w/w lysozyme. 1 mL of 50 mM phosphate buffer (pH 7) was 

added into the vial and powder dissolved to form an aqueous phase. Egg lecithin 

(200 mg) was weighed into a separate vial and dissolved into 7 mL of ethanol to 

form an oily phase. The aqueous phase was then added into the oil phase drop-wise 

while homogenizing at low speed (10,000 rpm) and later the nano-emulsion was 

homogenized for 5 min at high speed (24,000rpm). The nano-emulsion was snap-
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frozen using liquid nitrogen to immobilise the nanoprecipitates and then lyophilised 

overnight to remove ethanol and water (section 3.2.4). The lysozyme containing 

nanoparticles were purified and recovered as described in 3.2.5 and their size 

determined as described in 3.2.6. The retained biological activity of lysozyme after 

processing was determined using the method in section 3.3.8.

3.2.4 Freeze-drying

Freeze-drying is a drying operation for a substance by freezing it and removing a 

proportion of any associated solvent by direct sublimation and desorption from the 

solid (Section 1.8.2). During freeze-drying, the temperature and pressure are 

controlled to make sublimation occur instead of fusion or vaporization. By 

comparison of the energy requirements (i.e. latent heat of vaporization -540 

calories/g water, heat of fusion (melting ice) ~ 80 calories/g ice, latent heat of 

sublimation (freeze drying) -  680 calories/g ice), fi*eeze-drying is very energy 

costly. However, due to the many advantages of freeze-drying, such as, prolonged 

shelf-life, accurate and easy dosing, fi*eeze-drying is still attractive in the 

pharmaceutical and biotechnological industries.

The freeze-drier unit (fig.3.1) has two essential design features; a low-pressure 

chamber to which the frozen sample is attached and a ‘cold trap’ which collects the 

sublimated or desorbed ice. Freeze-drying is split into three separate stages: 

freezing, primary drying, and secondary drying. Freezing immobilizes the product 

being freeze-dried. The product structure, size and shape are fixed after freezing. 

Primary drying removes the free solvent that has been frozen while secondary 

drying desorbs the bound solvent (Gupta and Roy, 2004).

In this work, the fi'ozen samples were transferred into a vacuum proof glass jar 

(Girovac Ltd., North Walsham, Norfolk, UK) and attached to the fi'eeze-drier 

(Drywirmer 110, Heto-Holten A/S, Gydevang, Denmark). The freeze-drying 

process was performed for a minimum of 12 h.
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Fig. 3.1 : Freeze-drying unit with a relatively low condenser operating
temperature (-1 I t / t )  that permits retention of organic vapours.

3.2.5 Purification of nanoparticles

Following the freeze-drying stage, dry matter containing nanoparticles covered with 

surfactants was obtained. The dry matter was suspended in absolute ethanol in 

which lysozyme and lactose were insoluble while lecithin was freely soluble, 

therefore preserving the structure of nanoparticles. The nanoparticles in the raw 

suspension were separated from free surfactant by centrifugation (3K30 

Refrigerated centrifuge, Sigma Laborzentrifuges GmbH, Osterode am Harz, 

Germany). The sedimentation conditions were set as 17,000 rpm at 25^C. 50 mL 

Oakridge Tefloir® centrifuge tubes (Nalge-Nunc Inc., Rochester, NY, USA) were 

selected for centrifugation owing to their excellent solvent compatibility and ease of 

nanoparticle collection from the non-stick surface. The solvent plus surfactants 

were decanted and the sediments that comprised nanoparticles were collected. The 

process was repeated twice to ensure maximum purification of the nanopartieles 

(Cook et al, 2005).
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3.2.6 Size analysis of the nanopartieles

The lysozyme-containing nanopartieles were sized using photon correlation 

spectroscopy (PCS). In this technique, the fluctuations of scattered light intensity 

that result from the movement of particles undergoing Brownian motion are 

measured and related to the particle size. The intensity of the scattered light is a 

function of wavelength, scattering angle, particle size, and the relative refractive 

index of the particle and the surrounding medium. An isotropic scattering of light 

from an isolated particle in a solution leads to a symmetric distribution of energy 

with a constant flux of light on the detector. If a second particle is placed near the 

first, light scattered fi'om the two produces an interference pattern that is a function 

of angle. Thus, if a given particle diffuses within the observed volume, the light it 

scatters interferes with that scattered by it neighbours. The interference produced 

alternates between constructive and destructive regions as the particle diffuses with 

respect to others leading to a fluctuation in the overall scattered intensity. Thus, the 

particle size (also known as hydrodynamic diameter, d(H)) is measured indirectly 

and is calculated from the diffusion coefficient of the particle using Stokes-Einstein 

equation (Equation 3.1).

d(H) = KT Equation 3.1
37rqDd

where K is the Boltzmann’s constant, T is absolute temperature, q is viscosity and 

D is translational diffusion coefficient. From the Stokes-Einstein equation (Equation

3.1), it is clear that particle size analysis using this technique is affected by changes 

in temperature and viscosity of the dispersant and therefore, these factors must be 

known and controlled.

The rate of change of the intensity pattern depends on the particle size. Smaller 

particles are subject to rapid movement due to random bombardment by the solvent 

molecules. This leads to rapid changes in the light scattering intensity observed as a 

rapidly disappearing correlation between signals measured by the PCS detector. On 

the other hand, larger particles, which are assumed to have smaller diffusion 

coefficients, result in intensity fluctuations of lower frequency and therefore
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correlation between the signals are prolonged. A ‘correlator’ within the computer 

measures the correlation of the signals versus time, and uses algorithms to generate 

particle size distribution data for the sample.

For this work, lysozyme-containing nanopartieles (lyophilisate) were suspended 

into chloroform (filtered through a 0.1 pm nylon membrane filter, Whatman®, UK) 

and bath sonicated for 5 min. The sample concentration was maintained at 5 mg of 

nanopartieles in ImL of chloroform, which was enough to provide the required 

analytical count rate in the PCS (> 50 Kilocounts per second, Kcps). The 

suspension was transferred into a non-frosted quartz cuvette and placed in the 

sample holder within the PCS equipment (Malvern Zetasizer 3000, Malvern 

Instruments, Malvern, UK) and the lid closed to start the measurement. Each 

sample was measured in triplicate for reproducibility.

3.2.7 Visualisation of nanopartieles

Samples were visualized using scanning electron microscopy (SEM). Mr. D. 

McCarthy of the SEM service at the University of London, School of Pharmacy 

performed the SEM. Lysozyme-containing nanopartieles, suspended in 

dichloromethane, were placed on the sample holder and dichloromethane was 

allowed to evaporate. The samples were splutter-coated with gold using an Emitech 

K550 (Ashford, UK) and then visualized with a Philips XL20 (Eindhoven, Holland) 

electron microscope.

3.2.8 Assay of retained biological activity of lysozyme

The retained biological activity of lysozyme contained in the nanopartieles was 

assayed using the method described in section 2.3.9. Depending on the lysozyme 

concentration in samples, appropriate weights (lysozyme weight in the sample 

equivalent to 4 mg) were weighed in triplicate into vials. Control lysozyme was 

weighed in triplicate into respective vials each containing 4 mg of lysozyme used as 

raw material. In each sample and control-containing vial, 4 mL of buffer solution
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was added and shaken well to form a clear solution. Then, 80 |iL of each solution 

was measured into another vial and diluted with 9920 |iL of buffer solution.

The spectrophotometer was adjusted to 450 nm and 25^ C. A blank rate was 

determined by pipetting 2.5 mL of substrate suspension into 1 cm quartz cuvettes 

followed by incubation for 5 min in order to achieve temperature equilibration. 

Then 0.1 mL of buffer was added to the test cuvette and immediately the solutions 

were mixed by inversion. The decrease in A4 5 0nm was recorded for 5 min. The same 

procedure was followed for each sample and control solution except that addition of 

0.1 mL buffer solution was substituted with the addition of either sample or control 

solutions. The change in absorbance units of samples, controls and blank were used 

to calculate the percent-retained activity of each sample as described in section

2.3.9

3.2.9 Dispersion characteristics of nanopartieles into HFA 134a

In order to determine the dispersion properties of lysozyme-containing 

nanopartieles in the HFA 134a propellant, four sets of nanopartieles were prepared 

and purified as described in sections 3.2.3 and 3.2.5 respectively. The four sets of 

nanopartieles were separately dispersed in 40 mL of ethanol, 2% w/v oleic acid in 

ethanol, 2% w/v Span 85 in ethanol and 2% w/v dipalmitoylphosphatidylcholine 

(DPPC) in ethanol. The nanopartieles were separated from the medium by 

centrifugation as described in section 3.2.5. A 100 mg lyophilisate (nanopartieles) 

of each set was placed into a plastic coated glass bottle (Wheaton, USA). A 

continuous spray valve (Valois, France) was immediately crimped using a manual 

bottle crimper 3000 (Aero-Tech Laboratory Equipment Company, USA) onto the 

vial and propellant filled through the valve using a pressure burette (Aero-Tech 

Laboratory Equipment Company, Maryland, USA). The pMDI suspension was 

then sonicated (XB6 Grant Instruments Ltd., UK) for approximately 1 min and the 

suspension stability was visually inspected with time. This was repeated three 

times.



3.2.10 Stability of lysozyme in HFA 134a

Proteins are thought to be physically unstable when stored within a hydrophobic 

environment (Williams III and Liu, 1999). In order to determine the retention of 

lysozyme activity after the nanoparticles were suspended in HFA 134a, three 

batches of lysozyme-containing nanoparticles were prepared and the activity of 

lysozyme was determined before the nanoparticles were suspended in HFA 134a. 

Each batch of nanoparticles was suspended in HFA 134a to form pMDI 

formulations that were left to stand overnight before further analysis.

The pMDI formulations were placed in a beaker containing dry ice to chill the 

propellant. Once cold, the vials were removed fi'om the beaker and their valves 

were removed manually using a pair of pliers to allow HFA 134a to escape slowly 

leaving the nanoparticles at the base of the vials. The activity of lysozyme present 

in the nanoparticles was determined using the method described in section 3.2.8.

3.3 Results

3.3.1 Effect of lecithin concentration on the size of lactose nanoparticles

Cook et al (2005) showed that energy in the form of shear applied to the emulsion 

(homogenization speed), drug concentration in the aqueous phase and surfactant 

concentration determined the size of the emulsion droplets and consequently had a 

direct influence on the size of the nanoparticles produced by this method. However, 

in this work the type of surfactant and model drug used were different and hence, 

the concentration of the surfactant had to be re-optimized in order to produce 

nanoparticles of the desired size. Initially, this was done using a placebo (lactose) 

prior to the incorporation of the model protein drug.

The results (fig. 3.2) indicate that high lecithin concentration (> 4% w/w) in the 

organic phase of the emulsion resulted in production of nanoparticles with desired 

size compared to low lecithin concentration (2 % w/w). However, it is important to 

note that high concentration of lecithin in the organic phase led to a high mass of
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surfactant covering the nanoparticles. This was detrimental to the purification and 

recovery process of nanoparticles as it led to increased viscosity of the suspension 

and therefore hindered the sedimentation of nanoparticles during 

ultracentrifugation. Thus, minimal lecithin was required to ensure nanoparticles 

were manufactured with the desired size. In this case the preparation containing 4% 

w/w lecithin in chloroform was considered for further investigation.

ec

.Ï

800

700

600

500

400

300

200
2 4 6 8 10

Concentration of lecithin (% w/v)

Fig 3.2; Effect of lecithin concentration on the size of lactose nanoparticles 
(n = 5 ± s.d.).

3.3.2 Effect of lysozyme concentration on the size of nanoparticles

Proteins are known to be surface active due to clusters of hydrophobic peptides into 

specific regions of the molecule. This may have an effect on emulsion 

characteristics and consequently influence the size properties of the nanoparticles. 

Therefore, the effect of the model protein (lysozyme) on the nanoparticle size was 

investigated.

There was no clear trend found between nanoparticle size, polydispersity index (PI) 

and lactose concentration (table 3.1). However, high concentration of lysozyme (i.e.
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95%w/w) resulted in the largest nanoparticle size and highest PI compared to low 

lysozyme concentration.

Table 3.1 : Effect of lysozyme concentration on nanoparticle size (n = 5 ± s.d.).

Lysozyme (%) Lactose (%) Size (pm) PI

95 5 757.8 ± 13.5 0.28 ± 0.038

90 10 645.6 ±0.9 0.101 ±0.013

85 15 666^ ±2.3 0.157±0.015

80 20 688.0 ± 18 0.155 ±0.019

3.3.3 Effect of lysozyme concentration on retained biological activity

The retention of biological activity was found to be a function of lactose 

concentration used in the formulation (fig. 3.3). The results indicate that lactose had 

a role in the preservation of the biological activity of lysozyme. When lysozy me 

nanopartieles were prepared in the absence of lactose, a minimal activity of around 

59% (relative to unprocessed lysozyme raw material) was retained after processing. 

In contrast, addition of as little as 5% w/w lactose led to an increase (t test, p<0.05) 

of retained biological activity of lysozyme after processing (fig 3.3).

The formulation and the production process of the nanopartieles ensured low 

concentration of lactose in the formulation compared to the minimum sugar-enzyme 

mass ratios previously reported (Liao et al., 2002). The minimum mass ratio for 

glycerol, sucrose and trehalose to achieve a close maximum stabilisation of catalase 

has been reported to be approximately 0.6, 2, and 2 respectively (Liao et al., 2002). 

The authors also found that the minimum mass ratio required for the stabilisation of 

lysozyme appeared to be twice those for the stabilization of catalase. In the current 

formulation, a minimum laetose-lysozyme mass ratio of 0.25 has been found to 

stabilize lysozyme. The presence of high amount of lecithin may have protected 

lysozyme from degradation during processing. This is an added advantage as high 

concentration of sugars in protein formulations could lead to degradation of the 

protein during storage due to sugar crystallization. The results indicate that around
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99%-retained activity of lysozyme relative to the unprocessed raw material could be 

achieved when 20% w/w lactose was added to the formulation. This was regarded 

as the optimal lactose concentration in the formulation and was kept constant in 

further investigations.
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Fig.3.3: Effect of lactose concentration on the retained biological activity of 
lysozyme (n = 3 ± s.d.)

3.3.4 Effect of solvent on nanopartieles properties

Solvents have different physical and chemical properties that can influence a 

particular manufacturing process. For instance, the polar strength of a particular 

solvent can solubilise excipients in a biphasic system to form a solution e.g. ethanol 

is used to form a co-solvent system to solubilise oleic acid/lecithin/sorbitan trioleate 

in HFA. On the other hand, addition of an anti-solvent in a solution can lead to 

precipitation of solutes. In this work, the effect of ethanol and halogenated solvents 

(i.e. dichloromethane and chloroform) in the production of lysozyme-containing 

nanopartieles has been investigated. The results indicate that halogenated solvents 

favoured the formation of water in oil emulsions while ethanol changed the
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production technique from émulsification to nanoprecipitation due to the miscibility 

of water and ethanol. This led to the formation of water in oil emulsions and 

nanoprecipitates, which were the platform for nanoparticle formation. Thus, 

émulsification and nanoprecipitation techniques were investigated in the production 

of lysozyme-containing nanopartieles by changing the type of solvent used to form 

the oily phase.

The retained biological activity of lysozyme (table 3.2) of the formulations 

produced from émulsification and nanoprecipitation methods indicated similar 

results (t-test, p<0.05). However, the size of nanopartieles produced by the 

emulsion method was significantly larger (t-test, p<0.001) compared to 

nanopartieles produced by the nanoprecipitation method (table 3.2). The 

nanopartieles produced by the nanoprecipitation method had a small polydispersity 

index (PI) compared to the nanopartieles produced by the emulsion method (table

3.2). This was also reflected by a tight size distribution curve (fig. 3.4) of the 

nanopartieles produced by nanoprecipitation. Further investigation of the 

nanopartieles produced by nanoprecipitation showed that the nanopartieles were 

spherical (Fig. 3.5). Therefore, lysozyme containing nanopartieles produced using 

the nanoprecipitation method were considered as the optimal formulation and 

further investigations were undertaken on nanopartieles produced by this method.

Table 3.2: Effect of solvent on size and retained activity of lysozyme-

Solvent Size (nm) PI Retained activity (%)

Chloroform 693.0 ± 13.6 0.445 ±0.176 99 ± 4

Dichloromethane 677.0 ± 12.3 1.000 ±0.000 95 ± 6

Ethanol 275.4 ±4.5 0.146 ±0.022 99 ± 8
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Fig. 3.4: Typical size distribution curve o f  lysozym e-containing 
nanopartieles produced by the nanoprecipitation method
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Fig. 3.5: SEM o f  lysozym e-containing nanopartieles produced by nanoprecipitation 
using ethanol as solvent.
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3.3.5 Dispersion of nanopartieles in HFA 134a

For pM DI suspension formulations, the drug should be insoluble in the suspending 

medium  to reduee the potential for size changes during storage as w ell as retaining 

the particle structure. In this w ork surfactant in a co-solvent system containing 

ethanol have been applied to stabilise the nanopartieles in HFA 134a.

The results indicate that addition o f  surfactant in the final rinsing solution led to 

suspension stability for at least 1 min. (table 3.3). The nanopartieles rinsed with 

absolute ethanol led to an unstable suspension in HFA 134a w hile nanopartieles 

rinsed with ethanol containing DPPC, oleie acid or Span 85 form ed stable 

suspensions for at least a minute when dispersed in HFA 134a (fig. 3.6).

It w as observed that agglom eration followed by cream ing occurred im mediately 

after shaking when absolute ethanol was used to rinse the nanopartieles indicating 

that ethanol alone was not enough to stabilize the suspension. H om ogeneous 

dispersion was formed im mediately after shaking and it was stable for at least a 

minute when the nanopartieles w ere rinsed with ethanol containing DPPC, oleic 

acid or Span 85. However, the cream ed formulations readily re-dispersed upon 

shaking which is important for dose reproducibility.

Final rinsing solution Suspension stability 
(For at least 1 min.)

A bsolute ethanol Unstable

2% w/v DPPC in ethanol Stable

2%  w/v oleic acid in ethanol Stable

2% w/v Span 85 in ethanol Stable
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Fig.3.6: Photograph showing lysozym e-containing nanopartieles (washed with 2% 
w/v oleic acid in ethanol) dispersed in HFA 134a one minute after shaking

3.3.6 Stability of lysozyme in HFA 134a

There was no significant difference (t-test, p<0.05) between the retained biological 

activities o f  lysozyme before and after the nanopartieles (from nanoprecipitation 

m ethod) were suspended in HFA 134a (table 3.4).

Table 3.4: Activity o f  lysozym e in nanopartieles prior to and after pM Dl 
form ulation (n = 3 ± s.d.)

Sample Retained activity (%)

Before pM Dl form ulation 99 ±3

A fter pM Dl form ulation 98 ± 4

The results are in agreement w ith previous studies where stability o f  proteins in 

HFA pM DIs has been dem onstrated. Liao et al (2005) have reported the retention o f 

biological activity o f lysozym e and catalase in pM D l form ulations stored for up to 6 

m onths at room tem perature. In that study form ulation, the proteins were stabilised 

using sugar (sucrose or trehalose) and/or 80% hydrolyzed polyvinyl alcohol.

132



Similarly, studies of lysozyme structures using FT-Raman spectroscopy have shown 

lysozyme largely exhibits structural stability in both HFA 134a and HFA 227 

(Quinn et al, 1999). These positive literature reports and the present indicate that 

there is potential to develop pMDI formulations containing stable macromolecules 

for aerosol drug delivery.

3.4 Discussion

The rate of degradation for a particular macromolecule is a function of the 

formulation, manufacturing process, packaging and storage conditions. In this work, 

these parameters have been investigated and optimized in order to develop a 

successful stable model protein therapeutic.

During homogenization, emulsifier (lecithin) adsorbs rapidly to the surfaces of the 

freshly formed droplets and reduces the interfacial tension by an appreciable 

amount to facilitate droplet disruption and provide a protective coating that prevents 

droplets from aggregating with their neighbours (McClements, 2004). The emulsion 

droplet size has a direct influence on the nanoparticle size and is governed by the 

concentration of lecithin and by the energy input by the homogenizer. In low 

concentrations of lecithin, the droplet size is primarily determined by the maximum 

amount of surface area that can be covered by the available lecithin rather than by 

the energy input of the homogenizer. This explains why there was a decrease in 

lactose nanoparticle size when lecithin concentration was increased. Excess lecithin 

led to more emulsifier than required to completely cover the droplet surface area 

created by the homogenizer. Therefore the droplet size was independent of lecithin 

concentration and depends primarily on the energy input by the homogenizer. 

However, the energy input of the homogenizer was constant and therefore further 

reduction of nanoparticle size could not be achieved.

Addition of protein (lysozyme) to the emulsion changed the emulsion 

characteristics. Proteins are known to be surface-active and this could have altered 

the droplet size of the emulsion and/or emulsion stability and therefore led to large 

nanoparticle size compared to lactose nanopartieles, as observed in the current
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results. Ionic surfactants may bind to protein molecules through a combination of 

electrostatic and hydrophobic interactions, while non-ionic surfactants may bind to 

a protein through hydrophobic interactions. Once a surfactant is bound to a protein 

molecule, it changes the molecular characteristics leading to changes in their ability 

to adsorb to the interfaces and to stabilise the emulsion, subsequently altering the 

droplet size of the emulsion (Kelley and McClements, 2003).

Protein adsorption at the water-oil interface is influenced by surface hydrophobicity 

and charge. Once proteins are adsorbed, they unfold and rearrange their secondary 

and tertiary structures (also regarded as surface dénaturation) to expose 

hydrophobic residues to the hydrophobic phase and in consequence lose their 

biological activity (Wilde et al, 2004). In addition, the extent of conformational 

changes has been reported to be larger for more non-polar oils, which may be 

because the hydrophobic driving force for protein unfolding is greater 

(McClements, 2004). The comparative results between nanopartieles prepared using 

ethanol and halogenated solvents, which are characterized by different polarities, 

indicated similar results of retained biological activity for lysozyme. This suggests 

that surface dénaturation induced by adsorption of lysozyme to the water-oil 

interface did not occur. This can be explained by the presence of lecithin in the 

emulsion that is more surface-active than lysozyme, which could have led to the 

exclusion of some or all of the lysozyme from the water-oil interface, thereby 

protecting lysozyme from surface dénaturation (Gunning et al, 2004).

Previously, it has been reported that a protein in a suspension can maintain its 

secondary and tertiary structures compared to protein in solution (Stevenson, 2000). 

This suggests that the nanoprecipitation method where a nano-suspension is formed 

favours the stability of protein during processing compared to the émulsification 

method where the protein is in solution while processing. The excipients (lactose, 

and lecithin) as well as buffer used in this work protects lysozyme from degradation 

during processing and therefore the activity of lysozyme is retained despite the 

manufacturing process used as indicated by the current results. However, it is 

worth noting that nanoprecipitation yielded nanopartieles with a smaller size 

compared to the émulsification method. This is in agreement with the work of
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Doelker et al (2005) who have found that a nanoprecipitation method can 

sometimes be a good alternative to the classical and widely used émulsification 

method in the fabrication of protein-containing nanopartieles.

3.5 Conclusion

In conclusion, nanoprecipitation and émulsification methods coupled with freeze- 

drying can be used to produce protein-containing nanopartieles of appropriate size 

for peripheral lung deposition. The nanopartieles have a tight size distribution and 

the entrapped protein (lysozyme) is characterized by high retention of biological 

activity after manufacturing. Additionally, the results obtained from this chapter 

have also shown that nanoprecipitation can be a suitable alternative technology to 

the traditionally used émulsification method for the fabrication of protein- 

containing nanopartieles. This is a valuable technique that leads to the production of 

small nanopartieles containing bioactive protein. The nanopartieles can readily be 

dispersed in HFA 134a with the aid of ethanol as co-solvent although additional 

surfactant was required to ensure stability of the suspension.
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Chapter 4
pMDI Formulations Containing Insulin Nanopartieles
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4.1 Introduction

Pressurized-metered dose inhalers (pMDI) are the most widely prescribed aerosol 

devices for pulmonary drug delivery. In these devices, propellant such as HFAs and 

CFCs provide the energy for aerosolisation of the drug formulation into respirable 

particles. Non-ozone depleting hydrofluoroalkane (HFA) propellants, i.e. HFA- 

134a and HFA-227ea, now replace ozone depleting chlorofluorocarbon propellants. 

Due to different physical properties between CFCs and HFAs, e.g. higher polarity 

of the HFA-propellants, a direct substitution into existing pMDIs has proved to be 

difficult leading to less favorable formulations involving co-solvent systems.

Application of ethanol as a co-solvent in pMDI formulations containing protein has 

previously been reported (Williams III et al., 1998). Ethanol is utilised to increase 

the solubility of surfactants commonly used to improve the physical stability of 

pMDI suspensions. However, the presence of alcohol may affect the stability of 

protein or the solubility of stabilisers present in protein pMDI formulation during 

storage.

The previous chapter has demonstrated protocols for manufacturing nanopartieles 

containing a model protein and subsequent dispersion in HFA 134a. However, it is 

necessary to determine the application of these procedures with a therapeutic 

protein, which could be delivered via pulmonary route. In this case, insulin was 

chosen because the molecule’s physicochemical characteristics are well studied and 

they can be used in a general manner to exemplify complex structural aspects of 

interest while assessing changes to manufacturing and/or formulation parameters 

for proteins and their corresponding products (Defelippis and Larimore, 2005).

The aim of this chapter was to develop and manufacture a pMDI formulation that 

has insulin-containing nanopartieles suspended in HFA 134a; assess insulin stability 

in HFA 134a; and assess the aerosolisation properties of the pMDI formulation 

produced. In addition, novel materials (such as essential oils) will be investigated 

for their ability to aid pMDI suspension stability as well as improving the 

aerosolisation properties of the formulation.
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4.2 Materials

4.2.1 Glycerol monooleate

Glycerol monooleate is a synthetic compound classified as a monoglyceride. It is a 

clear amber or pale yellow liquid that is insoluble in water, slightly soluble in cold 

alcohols and soluble in chloroform, hot alcohol, ether, petroleum ether and oils 

(OMRI, 2001). Like any other surfactant, glycerol monooleate has a polar 

(glycerine) and non-polar moiety (oleic acid) with an overall hydrophilic-lipophilic 

balance of 3.8 (OMRI, 2001).

The primary use of glycerol monooleate is as an anti-foaming agent although it has 

a number of applications in the food and pharmaceutical industry. The compound is 

used as an anti-foaming agent in juice and milk. It is also employed as a moisturizer 

(Ash and Ash, 2002), emulsifier and flavouring agent. It is generally recognised as 

a safe excipient with no limitation is set for maximum daily acceptable human 

intake (Ash and Ash, 2002).

Glycerol monooleate is not biologically inert since it can be used pharmaceutically 

to enhance drug bioavailability. It enhances drug bioavailability by enhancing 

absorption through the large intestine and through the oral mucosa (OMRI, 2001).

4.2.2 Essential oils

Essential oils (table 4.1) are produced from aromatic plants. Traditionally, they 

have been used for the prevention and therapy of respiratory tract infections, such 

as colds, acute and chronic bronchitis, acute sinusitis as well as inflammation of the 

trachea. Recently, their antibacterial activity has been demonstrated where gram- 

positive bacteria have been shown to be more susceptible compared to gram- 

negative bacteria (Inouye et al., 2001).

A variety of essential oils are generally recognised as safe. The group of cinnamyl 

derivatives and citral are regarded as safe based on their self-limiting properties as
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flavouring substances in food. They are rapidly absorbed, detoxified, and excreted 

in man. No adverse effects have been reported and they lack a significant 

carcinogenicity, genotoxic and mutagenic potential (Adams et al., 2004).

Table 4.1: Chemical compositions of some of essential oils (Source: Inouye et al., 
2 0 0 1 )  __________________________

Essential oil

Thyme (wild)

Thyme (red) 

Cinnamon bark 

Lemon grass 

Perilla

Thyme (geraniol)

Peppermint

Tea tree 

Coriander 

Lavender (Spike) 

Lavender (true) 

Rosemary (camphor)

Eucalyptus (radiata)

Composition (%)''

Carvacrol (80.0%)

Limonene (25.8), y-terpinene (19.4), thymol (25.5) 

Cinnamaldéhyde (63.1)

Citral (neral [33.2], geranial [37.8])

Limonene (18.9), perillaldehyde (60.8)

Geraniol (32.7), benzofuran derivative (10.0)^, menthol

(63.5), menthyl acetate (10.0)

p-Menthone (19.5), benzofuran derivative (10.0)^, menthol

(63.5), menthyl acetate (10.0) 

y-terpinene (17.7), terpinen-4-ol (42.5)

Linalool (73.2)

1.8-Cineole (23.7), Linalool (46.3), camphor (17.1) 

Linalool (30.1), Linalyl acetate (36.6)

a-Pinene (24.1), camphene (11.9), 1,8-cineole (23.5), 

camphor (19.7)

1.8-Cineole (74.3), a-terpineol (10.3), Limonene (83.1)

‘‘Components showing a peak area of more than 10% relative to the total peak area 
on gas chromatography (GC) are listed in the table. Components are arranged in 
increasing orders of retention times on GC.

 ̂Benzofuran derivative: 4,5,6,7 -  tetrahydro-3,6-dimethyl benzofuran

4.2.3 Materials

Dichloromethane and absolute ethanol were obtained from VWR International Ltd. 

(Poole, Dorset, UK) while HFA 134a was purchased from Solvay Flour and 

Derivate GmbH (Hannover, Germany). HPLC grade acetonitrile was purchased 

from Fisher Scientific Ltd (Loughborough, Leicestershire, UK). Water was distilled 

via an Option 4 water purification system (Elga Ltd., High Wycombe,
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Buckinghamshire, UK). The pH meter used in the preparation of the buffer 

solutions (model pH 211, Hanna Instruments Ltd., Leighton Buzzard, Bedfordshire, 

UK) was calibrated in accordance to manufacturer’s instructions using pH 4 

(phthalate) and pH 7 (phosphate) buffers obtained from Fisher Scientific Ltd. Salts 

(guanidine hydrochloride, potassium hydroxide, sodium chloride, sodium sulphate 

and potassium phosphate), analytical grade acids (hydrochloric acid and 

trifluoroacetic acid [99+ %]), lactose, citral, cinnamaldéhyde, cineole and bovine 

insulin were obtained from Sigma-Aldrich Company Ltd. (Gillingham, Dorset, 

UK). Lecithin and glycerol monooleate were kindly donated by Lipoid GmbH 

(Ludwigshafen, Germany) and Danisco A/S, DK-7200 (Grindsted, Denmark) 

respectively.

4.3 Methods

4.3.1 Production of insulin-containing nanopartieles

Insulin nanopartieles were produced using optimised methods outlined in chapter 3. 

However, proteins are known to have different physicochemical characteristics and 

therefore, there was a change in the type of buffer used that led to a need to re

optimize of the émulsification method.

4.3.1.1 Nanoprecipitation method

The insulin nanopartieles were initially prepared using the method described in 

section 3.2.3. Briefly, insulin (80 mg) and lactose (20 mg) were weighed into a 

glass vial to form a composition of 80% w/w insulin and 20% w/w lactose. 1ml of 

O.IM HCl was added into the vial and the powder dissolved to form the aqueous 

phase. Egg lecithin (200 mg) was weighed into a separate vial and dissolved into 7 

mL of ethanol to form an oily phase. The aqueous phase was then added into the oil 

phase dropwise while homogenizing at low speed (10,000 rpm) and 5 min at high 

speed (24,000 rpm). The solution was snap-frozen using liquid nitrogen and freeze- 

dried overnight (as described in section 3.2.4) to remove ethanol and water. An 

attempt to purify insulin nanopartieles was carried out as described in section 4.3.2.
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4.3.1.2 Emulsification method I: Anti-foaming agent absent

The insulin nanopartieles were prepared using the method described in section 

3.2.2. However, the method was re-optimized as changes in buffer and type of 

protein changed the physical characteristics of nanopartieles produced. Briefly, 80 

mg of insulin and 20 mg of lactose were dissolved into 1 mL of O.IM HCl. Lecithin 

was weighed in separate vials and 7 ml of chloroform was added to form the oily 

phase. However, the content of lecithin in the oily phase was varied from 0.5 to 2 g 

to investigate the optimal concentration for nanopartieles production. Both solutions 

(oily and aqueous phase) were homogenized for 5 min at 24000 rpm to form a water 

in oil emulsion. The emulsion formed was snap-frozen to immobilize the emulsion 

into the solid state using liquid nitrogen and then freeze-dried overnight (as 

described in section 3.2.4) to remove water from frozen microscopic aqueous 

droplets. The nanopartieles were purified as described in section 4.3.2.

4.3.1.3 Emulsification method II: Anti-foaming agent present

Application of an anti-foaming agent (glycerol monoleate) was investigated with 

the objective of reducing the particle size. Briefly, in addition to the optimized 

lecithin concentration, 1 g of glycerol monooleate was added to form the oily phase. 

Other processing parameters were maintained as in section 4.3.1.2.

4.3.2 Purification of nanopartieles

The insulin nanopartieles were purified by ultracentrifugation as described in 

section 3.2.5. However, the washing solvent was changed from ethanol to 0.5% v/v 

triethylamine (TEA) in dichloromethane due to the solubility of insulin 

nanopartieles in ethanol. The solvent plus surfactants were decanted and the 

sediments that comprised nanopartieles were collected. The process was repeated 

twice.
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4.3.3 Size analysis of nanopartieles

Insulin nanopartieles were sized using photon correlation spectroscopy (PCS) as 

described in section 3.2.6. Insulin-containing nanopartieles (lyophilisate) were 

suspended into filtered chloroform (filtered through a 0.1 pm nylon membrane 

filter, Whatman®, UK) and sonicated for 5 minutes. The sample concentration was 

maintained at 5 mg of nanopartieles in 1 mL of chloroform, which was sufficient to 

provide the required analytical count rate (> 50 Kilocounts per second, Kcps). The 

suspension was transferred into a non-ffosted quartz cuvette and placed in the 

sample holder within the PCS machine and the lid closed to start the measurement. 

Each sample was measured in triplicate for reproducibility.

4.3.4 Visualisation of nanopartieles

Mr. D. McCarthy of the SEM service at the University of London, School of 

Pharmacy, performed SEM. Insulin containing nanopartieles suspended in 

dichloromethane were placed on the sample holder and dichloromethane was 

allowed to evaporate. The samples were splutter coated with gold using an Emitech 

K550 (Ashford, UK) and then visualized with a Philips XL20 (Eindhoven, Holland) 

electron microscope.

4.3.5 Dispersion of nanopartieles in HFA 134a

Previously, alcohols such ethanol had been reported as co-solvents for MDI 

propellants (such as HFA 134a). However, co-solvent systems have been 

considered less favourable due to the solubility of drug candidates as well as 

excipients into the majority of these solvents. Dissolution of a drug candidate can 

make it more reactive hence changing the drug characteristics as well as dose 

reproducibility with time.

Novel extraction steps have been developed to extract food grade natural flavours 

using HFA 134a as the extraction solvent (FactFile, INEOS Flour, 

www.ineosflour.com. USA). This suggests that the active ingredients of these
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flavours that are mainly aldehydes (fig. 4.1) and/or ketones are soluble in HFA 

134a. However, the application of these molecules in pMDI formulation has not 

been investigated. In this work, cinnamaldéhyde, cineole and citral, which are 

generally recognised as safe, were investigated. Their solubility in HFA 134a, ability 

to aid colloidal suspension and to lubricate the metering valve was assessed.

.CHO

citralcinnamaldéhyde
( cinnamon bark) ( l e m o n g r a s s )  ( ca m ph o r  tree )

Fig. 4.1 : Examples of naturally occurring aldehydes

4.3.5.1 Filling process of pMDI vials

In all experiments in this chapter, the pMDI vials were filled via a ‘cold filling’ 

technique (Brown and George, 1997). The propellant (HFA 134a) was passed 

through a condenser chilled with dry ice and the required weight was placed into 

chilled vials containing the sample. A 63 pL/actuation metering valve (Valois DF60 

MK42; Valois, France) was immediately crimped (using manual bottle crimper 

3000, Aero-Tech Laboratory Equipment Company, USA) onto the vial in order to 

avoid evaporation of propellant. The pMDIs were then sonicated (XB6 Grant 

Instruments Ltd., UK) for approximately 1 min and investigations were performed 

on each aerosol unit within 2 days of manufacture.

4.3 5.2 Solubility of essential oils in HFA 134a

Dispersions of 1, 2, 3, 4, 5, and 10% w/w cinnamaldéhyde, cineole and citral in 

HFA 134a were made by the cold filling process (4.3.5.1). The mixtures were 

shaken well to form homogeneous solutions and they were left to stand at ambient
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temperature. The solutions were visually inspected for the solubility of the essential 

oils.

4.3.5 3 Stability of nanoparticle suspension in HFA 134a

The ability of the particles to disperse and form a stable suspension in HFA is one 

of the major properties that control dose reproducibility in a suspension type pMDI 

(Byron, 1992). Unstable suspensions can result in uncontrolled emitted dose and 

size characteristics, which consequently lead to poor inhalation therapy.

In this work, 100 mg batches of nanopartieles were prepared (as described in 

section 4.3.1.2) and after washing off excess lecithin (as described in section 4.3.2) 

the nanopartieles were suspended into 5 mL of dichloromethane. 0.5 mL of cineole 

or citral was added and the suspension was vortexed to ensure homogeneity. 

Dichloromethane was removed by evaporation under vacuum using a Rotavapor® 

(Biichi, Switzerland) set at 35^C for 5 min. A paste of nanopartieles moistened by 

cineole or citral was obtained which was subsequently suspended into HFA 134a by 

the cold filling process (4.3.5.1). The solid concentration of the filled vials was 

maintained at 1% w/w and the suspension stability was visually inspected with 

time.

4.3.6 Analysis of insulin structure integrity

A successful protein delivery system is determined by the ability of the protein 

(active ingredient) to retain its biological activity after the production process. This 

can be investigated by employing in vitro biological assays as in the case of 

lysozyme (section 2.3.8) or by critically assessing the retention of structural 

integrity of the protein using physical methods, where in vitro biological assay 

methods are not developed. Retention of structural integrity usually provides 

evidence that the protein is biologically active after processing.

Various authors have described a variety of in vitro biological assay methods for 

insulin. However, these methods are laborious and are not fully validated. 

Therefore, in this work, biophysical methods of structure determination have been
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employed to determine the integrity of insulin after the production process. This has 

been investigated at three levels (primary, secondary and tertiary) as summarised in 

table 4.2.

Table 4.2: Methods of assessing insulin structure integrity

Level Technique

Primary structures Reverse-phase high performance liquid and size

exclusion chromatography.

Secondary structures Far-ultra violet circular dichroism spectroscopy. 

Tertiary structures Near- ultra violet circular dichroism and fluorescence

spectroscopy.

4.3.6.1 Reverse-phase chromatography

This method has been discussed in detail (section 4.3.7). Briefly, the 

chromatograms of unprocessed insulin (standard material) and that of processed 

insulin (samples from pMDI formulations) were evaluated for differences, such as 

the presence of extra peaks and the retention time of the main peak due to insulin.

4.3.6.2 Size exclusion chromatography (SEC)

Size exclusion chromatography is a chromatographic technique that separates 

molecules depending on their size differences as they pass through a gel filtration 

medium packed in a column. Unlike other chromatographic techniques, molecules 

do not bind to the stationary phase and therefore the buffer (mobile phase) 

composition does not directly affect the resolution of the analytes. High molecular 

weight molecules are eluted first as they pass directly through the column at the 

same speed as the flow of the buffer. Intermediate molecular weight molecules have 

partial access to the pores of the matrix and therefore, they elute from the column in 

order of decreasing size. Low molecular weight molecules have full access to the 

pores of the matrix and move down the column without separating from each other 

(Gel Filtration, Amersham Biosciences, 18-1022-18).
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The selectivity of the stationary phase depends solely on its pore size distribution 

that determines the fractionation range of a gel filtration media. The fractionation 

range defines the range of molecular weights that have partial access to the pores of 

the matrix and could be separated by high-resolution fractionation. The 

manufacturer usually provides this information and it is critical while choosing the 

gel filtration media/column for a particular purpose.

Three pMDl vials containing nanoparticle suspensions in HFA 134a were placed in 

a beaker with dry ice. Once cold, the vials were removed from the beaker and their 

valves removed to allow HFA 134a to escape slowly leaving the nanopartieles at 

the base of the vials. The nanopartieles were suspended in dichloromethane, 

centrifuged and freeze-dried for 30 min to remove the traces of cineole and 

dichloromethane. Approximately 4 mg/L sample and standard solutions were 

prepared by dissolving nanopartieles and insulin standard into O.IM HCl. The 

samples were analysed by SEC with the conditions shown in table 4.3.

Component

Injection volume 

Flow rate 

Run time 

Temperature 

UV detector 

Column

Mobile Phase

Table 4.3: SEC parameter settings 

Setting 

100 pL *

0.25 mL/min 

100 min 

Ambient 

214 nm

SuperoseTM12 10/300GL (TricornTM high performance 

columns. Amersham Biosciences, UK)

50mM NaCl. 0.15M phosphate buffer (pH = 7.0)
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4.3 6.3 Circular dichroism (CD)

CD spectroscopy measures the difference in the absorption of left- handed polarized 

light (LPL) versus right-handed polarized light (RPL) that arises due to structural 

asymmetry of protein molecules. It is measured first by passing LPL and then RPL 

through the sample and subtracting their respective absorbance as a function of 

wavelength and the difference is expressed as mean residue ellipticity (degree cm  ̂

dmol

Secondary structures of a protein can be determined by CD spectroscopy in the 

■‘far-uv” spectral region (190-250 nm). The signal arises when the peptide bond is 

located in a regular folded environment. Alpha, Beta-sheet and random coil 

structures each give rise to a characteristic shape and magnitude of the CD spectrum 

as shown in figure 4.2.
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Fig. 4.2: Cireular diehroism spectra of "pure" secondary structures 
(Brahms and Brahms, 1980)
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Therefore, the approximate fraction of each secondary structure type that is present 

in any protein can be determined by analysing its far-uv CD spectrum as a sum of 

fractional multiples of reference spectra for each structural type.

The CD spectrum of a protein in the “near-uv” spectral region (250-350 nm) can 

give information about the tertiary structure of a protein. Aromatic amino acids and 

disulfide bonds are the chromophores. The signal they produce is sensitive to the 

overall tertiary structure of the protein. Signals in the region from 250-270 nm are 

attributable to phenylalanine residues; signals from 270-280 nm are attributable to 

tyrosine, while those from 280-3 OOnm are attributable to tryptophan. Disulphide 

bonds give rise to broad weak signals throughout the near-UV spectrum.

When a secondary structure of a protein is retained and there is no defined three- 

dimensional structure, for example “molten-globule” structures, the signals in the 

near-UV region of the CD-spectrum will be nearly zero. On the other hand, the 

presence of significant near-UV signals is an indication that the protein has retained 

a well-defined three-dimensional structure. The signal in this region is weaker 

compared to that of the far-UV region.

In this work, three pMDI vials containing nanoparticle suspensions in HFA 134a 

were placed in a beaker with dry ice. Once cold, the vials were removed from the 

beaker and their valves removed to allow HFA 134a to escape slowly, leaving the 

nanopartieles at the base of the vials. The nanopartieles were suspended in 

dichloromethane, centrifuged and freeze-dried for 30 min to remove traces of 

cineole and dichloromethane.

CD analysis was undertaken with the assistance of Tam Bui (Department of 

Pharmacy, Spectroscopy Unit, Kings College, London). Briefly, Insulin (control 

and nanopartieles) was weighed in triplicate on the Metler-Toledo microgram 

balance (Sartorius Laboratory Balances, Essex, UK) and made up to concentration 

of 0.2 mg/mL using phosphate buffer (50mM, pH = 2). The CD spectra were then 

acquired on the Jasco J720 spectropolarimeter (Jasco Corporation Milestones, 

Essex, UK) (fig. 4.3) using parameters indicated in table 4.4. All spectra were 

corrected for solvent baseline and far-UV CD spectra were normalized for
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concentration and pathlength using a mean peptide molecular weight of 113. Where 

appropriate, secondar) structure estimation was calculated using the Principal 

Component Regression method (Malik, 1997) and the results tabulated.

Table 4.4: CD parameter settings

Far UV region Near UV region
Cell pathlength 0.5 mm 10 mm
Wavelength range 260-190 nm 400-230 nm
Bandwidth 2 nm 2 nm
Speed 10 nm/min 10 nm/min
Time Constant 4 s 4 s
Step Size 0.2 nm 0.2 nm

I

Fig. 4.3: Jasco J720 Spectropolarimeter (Jasco Corporation Milestones, Essex, UK)
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4.3.6 4 Fluorescence spectroscopy

Fluorescence spectroscopy is a technique used to probe the changes in the local 

environment of the flourophore. Fluorescence occurs when a molecule that has been 

excited to an electronic excited state relaxes back to the ground state, accompanied 

with a loss of a photon. The structural arrangements in the environment of the 

flourophore may lead to a fluorescence signal that is complex and difficult to 

interpret. However, it can be exploited to obtain unique structural and dynamic 

information of the tertiary structures, assembly and dynamics of proteins.

Aromatic amino acids forming a particular protein are capable of fluorescence. In 

reality, most of the intrinsic fluorescence from proteins comes from tryptophan 

residues, phenylalanine and tyrosine. However, tryptophan dominates the 

fluorescence signal from a protein compared to tyrosine and phenylalanine. Hence, 

the excitation peak of proteins is set around 280 nm, the approximate peak of 

absorption of tryptophan. The emission peak varies depending on the environment 

(e.g. solvent) and the arrangement and composition of amino acids forming a 

particular protein. The molecular structure of insulin reveals the absence of 

tryptophan and therefore, tyrosine residues dominate the fluorescence signal.

Figure 4.4 illustrates the arrangement of a typical spectrometer. The sample is 

illuminated continuously by a light source and the wavelength is selected by a 

monochrometer. Since fluorescence is isotropic, i.e. ifs  directed equally in all 

directions, the detector is often placed at right angles to the direction of the light 

source to avoid the excitation beam from impinging on the detector.
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Fig. 4.4: Schematic arrangement of a fluorescence spectrophotometer

In this work, three pMDI vials containing nanoparticle suspensions in HFA 134a 

were placed in a beaker with dry ice. Once cold, the vials were removed from the 

beaker and their valves removed to allow HFA 134a to escape slowly leaving the 

nanoparticles at the base of the vials. The nanoparticles were suspended in 

dichloromethane, centrifuged and freeze-dried for 30 min to remove the traces of 

cineole and dichloromethane.

10 mL of 0.2 mg/L sample and control insulin solutions were prepared in triplicate 

by dissolving in acidified (using HCl) 0.9% w/v NaCl (pH = 2). Insulin in both 

sample and control solutions was unfolded by pipetting 5 mL of each sample and 

control solutions into a separate vial containing guanidine hydrochloride.

Fluorescence emission intensities of the sample and control (containing folded and 

unfolded insulin) solutions were measured using a Perkin-Elmer LS50-B 

fluorescence spectrophotometer (Bucks, UK) and fluorescence cell with 1 cm 

pathlength. The excitation wavelength was set at 275 nm while emission intensities 

were scanned from 200 nm to 450 nm. Excitation and emission slit widths were set 

at 10 nm and 2.5 nm respectively while scan accumulation was set at 5 to maximize 

signal to noise level ratio.
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4.3.7 Aerosolisation properties of insulin containing pMDI formulations

The efficacy of a drug delivery system is determined by the amount of drug that is 

capable of reaching the target site of the body. For pulmonary delivered 

systemically active drugs, it is important to determine the amount of drug that 

would access the peripheral airways where drug absorption to the systemic system 

is likely to occur. The overall aerosolisation behaviour of the insulin-containing 

pMDI formulation will influence the deposition profile of the nanopartieles in the 

respiratory tract. Thus, it was the objective of this section to investigate some of the 

factors that may influence the aerosolisation characteristics of the insulin containing 

pMDl formulations.

Aerosolisation characteristics of the pMDI formulations were determined using a 

multistage liquid impinger (MSLI), Copley Scientific Instruments, UK, operated at 

60 L min’’ to determine their deposition profile (European Pharmacopoeia). The 

effective cut-off diameters were as follows: Stage 1 = 13.0 pm. Stage 2 = 6.8 pm. 

Stage 3 = 3.1 pm, and Stage 4 = 1.7 pm. Stages 1 to 4 of the impinger were filled 

with 20ml of acidified 0.9% w/v NaCl (pH 2) while a total collection filter was 

fitted in stage 5. A US? throat fitted with a deviee-specifie rubber mouthpiece was 

used. The rubber mouthpiece was designed and moulded by Copley Scientific 

(UK).

The pMDI inhaler was thoroughly shaken and 5 shots were actuated to waste (using 

an actuator with an orifice diameter of 0.5 mm, GlaxoSmithKline, UK) and 

subsequently a dose was fired into the MSLI via the mouthpiece. The inhaler was 

removed from the mouthpiece and thoroughly shaken for 5 s prior to actuating the 

second dose into the MSLI. The procedure was repeated until 10 doses were fired 

into the MSLI with an interval of 10 seconds between doses. After actuating the 

tenth dose the airflow was continued for 10 s. The throat plus mouthpiece were 

rinsed with 20 mL of dissolving solvent. The filter was carefully retrieved and 

rinsed with 20 mL of dissolving solvent. The other part of the MSLI was swirled to 

ensure thorough mixing of the contents in each stage and carefully avoiding inter

stage mixing of the sample. The content of insulin in each stage was assayed using
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reverse phase high-pressure liquid chromatography using the parameters in table 

4.5.

Table 4.5: Reverse phase chromatography parameter settings (Appendix A) 

Component Setting

Mobile phase 50mM sodium sulphate buffer and acetonitrile (Ratio 70:30),

pH = 1.90 adjusted using trifluoroacetic acid.

Oven temperature 30  ̂C

Flow rate 1.0 ml/min

Column Hichrom CDS 5pm, 4.6mm x 150mm.

Injection Volume 100 pL

Detector UV detector set at 214nm

4.3.7.1 Effect of cineole concentration on deposition of insulin nanoparticles

Batches (100 mg) of insulin-containing nanoparticles were prepared (as described 

in section 4.3.1.2) and after washing off excess lecithin (section 4.3.2) the 

nanopartieles were suspended into 5 mL of dichloromethane. Cineole (0.1, 0.25 and 

0.5 mL) was added in one of each batch and the suspensions were vortexed to 

ensure homogeneity. Dichloromethane was removed by evaporation under vacuum 

using a Rotavapor^ (Biichi, Switzerland) set at 35^C for 5 min. A paste of 

nanopartieles moistened by cineole was obtained which was consequently- 

suspended into 10 g of HFA 134a by the cold filling process (section 4.3.5.1) to 

form pMDI formulations with different amount of cineole. Aerosolisation 

properties were determined as previously described (section 4.3.7).

4.3.T.2 Effect of insulin nanoparticle concentration on pMDI performance

Insulin nanopartieles were prepared (as described in section 4.3.1.2) and after 

washing off excess lecithin (as outlined in section 4.3.2) the nanopartieles were 

suspended into 5 mL of dichloromethane. Cineole (0.25 mL) was added and the 

suspension was vortexed to ensure homogeneity. Dichloromethane was removed by
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evaporation under vaeuum using a Rotavapor® (Biichi, Switzerland) set at 35^C for 

5 min. A paste of nanopartieles moistened by cineole was obtained which was 

subsequently suspended into HFA 134a by the cold filling process (section 4.3.5.1). 

The nanoparticle concentration in the filled vials was in the range of 1 to 5% w/w. 

Aerosolisation properties were determined as previously described (section 4.3.7).

4.3.7.3 Effect of glycerol monooleate on insulin nanopartieles

Insulin nanopartieles were prepared as described in section 4.3.1.3. The excess 

lecithin and glycerol monooleate were washed off as described in section 4.3.2 and 

the nanopartieles were suspended into 5 mL of dichloromethane. Cineole (0.25 mL) 

was added and the suspension was vortexed to ensure homogeneity. 

Dichloromethane was removed by evaporation under vaeuum using a Rotavapor® 

(Biichi, Switzerland) set at 35^C for 5 min. A paste of nanopartieles moistened by 

cineole was obtained, from which 1% w/v nanoparticle suspended in HFA 134a by 

a cold filling process (section 4.3.5.1). Aerosolisation properties were determined as 

described in section 4.3.7.
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4.4 Results

4.4.1 Production of insulin nanopartieles by the nanoprecipitation method

It was not possible to produce insulin nanopartieles using a nanoprecipitation 

method. This is because a homogeneous solution with no defined nanoprecipitates 

was formed when the aqueous phase was added to the oily phase. Efforts to freeze- 

dry the solution followed by attempts to purify insulin proved impossible as the dry 

matter dissolved in the washing solvent. This made it difficult to produce insulin- 

containing nanopartieles using this procedure and therefore, no further work was 

undertaken using this method of production.

4.4.2 Production of insulin nanopartieles by an émulsification method

Initially, attempts were made to duplicate the method used to manufacture 

lysozyme-containing nanopartieles (section 3.2.1). Unfortunately, direct 

substitution of lysozyme with insulin was not possible because both proteins have 

different physicochemical properties and a change of buffer was also required. This 

altered the emulsion characteristics that led to large particles and re-optimisation of 

the production process was necessary. The method was re-optimised by increasing 

lecithin concentration in the oily phase. As illustrated in figures 4.5 and 4.6, 

increase of lecithin concentration in the oily phase resulted with reduced mean 

particle size and polydispersity index of nanopartieles produced.
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Fig. 4.6: Effect o f  lecithin concentration on the polydispersity index (PI) o f  insulin- 
containing nanopartieles (n = 5± s.d.)

Typical size distribution curves showed a narrow distribution range for the 

nanopartieles (Fig. 4.7).
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SEM photographs revealed the nanopartieles were approxim ately spherical in shape 

and 500 nm in diam eter (tig. 4.8).

Fig. 4.8: SEM o f  insulin-containing nanopartieles
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4.4.3 Solubility of essential oils in HFA 134a

A clear solution was formed when 1% w/w cinnamaldéhyde was dissolved in HFA 

134a. Pale yellow solutions were formed when 2, 3, 4 and 5% w/w cinnamaldéhyde 

were dissolved in HFA 134a. A yellow solution was formed when 10% w/w 

cinnamaldéhyde was dissolved in HFA 134a. After the solutions were left to stand 

overnight, milky suspensions were observed and the intensity increased with 

increasing amount of cinnamaldéhyde. This suggested that a separation between 

cinnamaldéhyde and HFA 134a occurred. This was found to be a limitation for 

using cinnamaldéhyde and therefore no further investigation was carried out using 

cinnamaldéhyde.

Homogeneous solutions were formed when citral and cineole were dissolved in 

HFA 134a at all concentration levels examined. No changes were noted after 

leaving the solutions to stand overnight at room temperature. It was concluded that 

citral and cineole remained soluble in HFA 134a and therefore further 

investigations were carried out using cineole and citral as model essential oils.

4.4.4 Stability of insulin-containing nanopartieles suspension in HFA 134a.

Both cineole and citral were found to stabilize the dispersion of insulin containing 

nanopartieles dispersed in HFA 134a. Homogeneous dispersions were formed 

immediately after shaking (fig.4.9) and they were visibly stable for at least one 

minute. The rate of agglomeration followed by creaming depended on whether 

citral or cineole was used in the formulation. The rate of agglomeration was faster 

when citral (approximately 2 min) was used compared to cineole (approximately 3 

min). However, the formulations readily re-dispersed upon shaking which is 

important for dose reproducibility.
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Fig. 4.9; Exam ples o f  insulin-containing nanoparticle (1% w/v) suspensions in HFA 
134a (1 min after shaking). Vial to the right contains citral while vial to the 
left contains cineole.

4.4.5 Study of the primary structure of insulin

For insulin to function properly after processing, the correct sequence o f  amino 

acids must be retained. Insulin, like any other protein, is an unstable entity and is 

vulnerable to m odification by chem ical reactions with m olecules in its vicinit} . 

Thus, during the production o f  the nanopartieles containing insulin and subsequent 

dispersion o f  nanopartieles in HFA 134a, insulin may be degraded by hydrolytic 

reactions (deam idated products) or transform ed by form ation o f  interm olecular 

covalent bonds w ith other insulin m olecules leading to higher m olecular weight 

products (Oliva et al., 2000). Reverse phase HPLC and SEC techniques were 

therefore used to assess the retention o f  primary structures o f  insulin after 

processing.
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4.4.5.1 Reverse phase chromatography of insulin

Chemical degradation of insulin occurs mainly by hydrolysis and intermolecular 

transformation reactions. The degradation products have different molecular 

weights as well as chemical characteristics. Previously, monodesamido-A21-insulin 

and monodesamido-B3-insulin have been reported as the major chemical 

degradation products of insulin (Oliva et al., 2000). Insulin degrades rapidly in an 

acid medium at residue Asn A21, while in slightly acid or alkaline medium 

deamidation takes place at residue Asn B3 (Brange et al., 1992). Reverse phase 

chromatography is an essential analytical tool that helps to separate, detect and 

quantify these dégradants, where they are observed as extra peaks resolved from the 

main peak representing the main insulin compound. On the other hand, the absence 

of extra peaks in the reverse phase chromatogram is an indication of pure insulin 

that is not degraded.

The chromatograms from both unprocessed insulin (authentic standard material) 

solutions and processed insulin (samples from pMDI batches) showed similar 

profiles characterised by one peak at retention time around 9 min (fig.4.10 and 

4.11). This was an indication that insulin was not aggregated or chemically 

degraded by hydrolysis and intermolecular reactions during the manufacture of 

pMDI formulations.
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Fig. 4.10: Typical HPLC chromatogram for the insulin standard material
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Fig. 4.11 : Typical HPLC chromatogram for the insulin sample from MSLI stages
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4.4.S.2 Size exclusion chromatography (SEC) of insulin

Previously, insulin formulations have been found to degrade by the formation of 

insulin dimers and other polymerisation (higher molecular weight transformation) 

products. The main aggregation products formed by insulin are the covalent insulin 

dimers, where the two insulin molecules in the dimer are held together by non-polar 

forces and four hydrogen bonds arranged as a (3 sheet structure between the two 

anti-parallel COOH terminal strands of the B chain (Brange et al., 1992).

In this study, the method was not calibrated since it was designed for qualitative 

work to separate and detect the different aggregation products of insulin only and 

not for quantification. However, insulin standard material was analysed on every 

occasion to monitor system perfonnance by determining the retention time of the 

main peak due to the insulin monomer.

The chromatograms from both unprocessed insulin (standard material) and those of 

processed insulin (samples from pMDI batches) showed similar profiles 

characterised by one peak at retention time around 66 min (fig. 4.12). No extra 

peaks due to insulin aggregation products were observed in the sample 

chromatograms. Therefore, it was concluded that the manufacturing process for the 

pMDI formulations containing insulin nanopartieles did not cause insulin 

aggregation.
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4.4.6 Study of secondary structures of insulin: Far-UV CD Spectroscopy

The CD spectrum of bovine insulin has been studied previously and is characterized 

by three far-UV CD signals that are dependent on molecular conformation and not 

side-chain groups. The three major far-UV CD signals are noted as a large positive 

peak at 194 nm, and two well-defined negative peaks at 209 nm and 222 nm. 

However, when insulin is degraded using trypsin, the far-UV CD signal associated 

with the 222 nm region is lost and the absolute residual dichroism decreases in a 

monotonie fashion from 210 nm to 230 nm (Mercola et al., 1967).

The far-UV CD results (table 4.6 and fig. 4.13) indicated that the secondary 

structures of insulin were retained after processing. There was no significant 

difference (t-test, p<0.05) between the secondary structure composition of 

unprocessed (standard material) and processed (from the pMDI batches) insulin

Table 4.6: Composition of secondary structures of control insulin and extracts from

Solution a-helix % p-sheet % Other %

Insulin 33.8 ±0.3 20.3 ± 0.3 45.9 ±0.1
(Standard)
pMDI Sample 32.3 ± 1.0 20.7 ±0.4 47.0 ±0.6

The equipment also measured the UV signal (fig. 4.13) simultaneously while 

acquiring the far-UV CD spectra. This added information was found unreliable as 

the UV signal had no selectivity and therefore the UV spectra obtained were 

distorted by the interfering signal from the residual surfactant.
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4.4.7 Study of tertiary structures of insulin

The tertiary structure is the final specific geometric shape that a protein assumes. 

This final shape is determined by a variety of bonding interactions between the 

"side chains" on the amino acids. These bonding interactions may be stronger than 

the hydrogen bonds between amide groups holding the helical structure. As a result, 

bonding interactions between side chains may cause a number of folds, bends, and 

loops in the protein chain. Thus, near-UV CD and fluorescence spectroscopy were 

used to study the effect of manufacturing conditions on the tertiary structure of 

insulin.

4.4.7.1 Near-UV CD spectroscopy

Insulin molecules are devoid of tryptophan and therefore, their near-UV CD signal 

originates from the tyrosyl side chains. Analysis of the insulin X-ray structure 

reveals that the tyrosine amino acids are located over three surfaces of the molecule 

(Strickland and Mercola, 1976). These tyrosyl side chains on the surfaces are 

important in self-association of insulin as they are involved in the formation of 

dimers, tetramers and hexamers. The near-UV CD signal of insulin is sensitive to 

the degree of self-association, with the tyrosyl CD signal at 275 nm being enhanced 

as monomers interact to form dimers and as dimers interact to form hexamers 

(Strickland and Mercola, 1976). Thus, perturbation of the tyrosyl side chains can 

lead to loss of tertiary structure (removal of tyrosyl side chains from the surface of 

the molecule) that is observed as loss or reduced near-UV CD signal at 275nm.

The unprocessed insulin and processed insulin (fig. 4.14) from the pMDI 

formulation had a large negative CD signal at around 275 nm. This indicated that 

the overall tertiary structure of insulin was not affected by manufacturing 

conditions, as well as the harsh environment when nanopartieles were suspended in 

HFA 134a.

The equipment also measured the UV signal (fig. 4.14) simultaneously while 

acquiring the far-UV CD spectra. This added information was found unreliable as
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the UV signal had no selectivity and therefore the UV spectra obtained was 

distorted by the interfering signal from the residual surfactant.
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Fig.4.14: Typical UV and near-UV CD spectra o f  control insulin and pM Dl sample
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4.4.T.2 Fluorescence spectroscopy

N ear U V CD (section 4.4.7.2) indicated that the tyrosyl side chains are located on 

the surface o f  the insulin m onom ers. To verify the near-U V  CD results, the tertiary 

structure o f  insulin w as further studied by fluorescence spectroscopy. The 

environm ent o f  the tyrosine am ino acids influenced the intensity o f  fluorescence 

signal. The sam ples (pM DI form ulations) and control insulin  spectra (fig. 4.15 and 

4.16) indicated that the tyrosine am ino acids w ere distributed over the surfaces o f  

the insulin m onom ers, w hich w as in agreem ent w ith the near-U V  CD results. The 

em ission intensity w as highest before the insulin w as denatured using guanidine 

hydrochloride, as the fluorescence signal w as not quenched. A fter insulin 

m onom ers w ere denatured, the tyrosine am ino acids that w ere located on the 

surface w ere buried (internalized) w ith in  the m olecule and their fluorescence signal 

w as quenched.

The quenching o f  the fluorescence signal from  the buried tyrosine residues 

originated from  other parts o f  the m olecule surrounding it. N eutral aspartic and 

glutam ic acid residues, charged lysine and arginine residues, am ide and peptide 

groups are effective dynam ic quenchers. H ow ever, disulphide is one o f  the 

strongest quenchers, although a single cysteine can also be an effective quencher 

(Ladokhin et al, 2000).

The fluoreseenee spectroscopy results indicated tha t there w as no significant 

perturbation o f  the tyrosyl side chains on the surface o f  insulin m olecule. This 

provides further evidence that the 3D structure o f  insulin w as retained  after 

m anufacturing suggesting that insulin present in the pM D I nanoparticle form ulation 

w as likely to be biologically active.
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4.4.8 Effect of cineole concentration on nanoparticle deposition

Cineole eoncentration did not affeet throat deposition and FPF<i 7 1̂̂  in the range 

investigated (tlg.4.17). Flowever, a trend was observed: low concentration o f 

cineole may lead to high throat deposition and a sm aller FPF<| 7 ,̂m. This would 

probably be caused by insufficient cineole for adequate dispersion o f  nanopartieles, 

and therefore non-uniform  aerosol formulations with large particle agglom erates 

may be formed giving a reduced FPF<i 7 1̂̂  as well as increasing throat deposition. A 

higher concentration o f  cineole on the other hand may exhibit sim ilar results, which 

could be caused by reduced evaporation rate o f  the propellant from the spray plume 

leading to large droplets w ith high aerodynam ic size and poor aerosolisation 

properties (Newm an et al., 1981; H arnor et al., 1993). Sim ilar behaviour for aerosol 

perform ance has been reported w hen ethanol was used as a co-solvent (W illiam s III 

et al., 1998). However, a ratio o f  0.25 mL cineole in 100 mg o f  insulin containing 

nanopartieles was selected for further investigation. This was applied in the further 

studies o f  aerosolisation characteristics o f  pMDI formulations.
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Fig. 4.17: Effect o f  cineole concentration (mL per 100 mg insulin containing 
nanopartieles) on FPF<| 7^^ and throat deposition o f  nanopartieles
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4.4.9 Effect of suspension concentration on performance of pMDI
formulation

The perform ance o f the pM Dl form ulations was found to be dependent on the 

suspension concentration. The results (fig.4.18) indicated that an increase in solid 

concentration in the pMDI form ulation led to increase in throat deposition and vice 

versa (t-test, p<0.05). M oreover, the fine particle fraction decreased with the 

increase o f  solid concentration (t-Test, p<0.05).

The pM DI form ulation containing 1% w /w  insulin nanopartieles had the best 

aerosol perform ance characterised by a FPF<i.7 o f around 20% w /w  em itted dose. 

This was regarded as the best form ulation to date. Therefore, further studies were 

undertaken to re-optim ise the form ulation param eters in order to im prove the 

FPF<,v,m.
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Fig. 4.18: FPF and throat deposition o f  pM DI formulations containing 1%, 2.5% 
and 5% concentration o f  insulin nanopartieles in HFA 134a
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4.4.10 Effect of glycerol monooleate on aerosolisation properties

Glycerol monooleate, generally regarded as safe exeipient, was applied in this work 

as an anti-foaming agent as well as a eo-surfactant. Co-surfaetants acts in 

conjunction with a surfactant to further lower the interfacial energy of the emulsion 

(Attwood and Florenee, 1983). Glycerol monooleate has previously been reported 

to reduee the hydrophilieity of an emulsifier system by eneouraging the formation 

of a water in oil emulsion (Rybinski and Hill, 1998). These properties led to the 

reduetion of the droplet size of the emulsion and eonsequently ensure the reduetion 

of nanopartiele size.

The results (Zave = 346.1 ± 9.0 nm, PI = 0.21 ± 0 .1 ) obtained indicated that, the 

nanopartiele size was signifieantly redueed (t Test, p<0.001). As reported in seetion 

4.4.2, the smallest size of the nanopartieles achieved was 545.9 ± 12.7 nm but after 

using glycerol monooleate in the formation of the emulsion, a reduced nanopartiele 

size (346.1 ± 9.0 nm) was achieved. However, the polydispersity index inereased 

from around 0.084 ± 0.013 to 0.21 ±0.1  and this was charaeterised by a wider 

distribution curve (fig. 4.19) when glyeerol monooleate was used in the formation 

of the emulsion.
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Fig. 4.19: PCS typical particle size distribution of the formulation
containing glycerol monooleate (Zave = 346.7 nm, PI = 0.21).

Aerosolisation results (fig. 4.20 and table 4.7) showed that an FPF<i 7 of 

approximately 45% w/w of emitted dose was achieved when nanopartieles with Zave 

diameter of 346.7 ± 9.0 nm were used in the formulation. The emitted dose (ex- 

actuator) determined by assay of insulin content was 0.44 ± 0.04 mg/actuation. This 

indicated that approximately 0.55 mg of insulin containing-nanoparticle formulation 

was aerosolised from the pMDI device and the FPD<i 7 was approximately 0.20 

mg of insulin per actuation. The results showed that there was no difference 

between FPF<i 7 (fraction predicted to reach the alveolar region) and FPF< 3 1 

(fraction predicted to reach the peripheral airways of the lung) since there was no 

insulin detected in stage 3 of the MSLI. The results also indicated that throat 

deposition was reduced to around 37.5% w/w of the emitted dose.
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Fig. 4.20: Deposition profile o f  pMDI insulin nanopartiele formulation 
containing glycerol m onooleate (n = 5 ± s.d.)

The results (Table 4.7) also indicate that the perform ance o f  the pM DI formulation 

was significantly im proved in term s o f  FPF<| 7 pm and throat deposition com pared to 

that optim ised in section 4.4.9.

Property GMO absent GMO present

(Section 4.4.9) (Section 4.4.10)

Nanopartieles Zave diam eter (nm) 545.9 ± 12.7 346.7 i  9.0

FPF<i 7 pm (% w /w  em itted dose) 20 ± 1.2 45 ± 3 .5

Throat deposition (% w /w  em itted dose) 74 ± 2.0 37.5 ±4.5

Solid concentration (% w/w) 1 1
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4.5 Discussion

The émulsification stage in the manufacturing process for the insulin-containing 

water in oil emulsion required optimised parameters that would ensure reduction of 

particle size as well as narrowing of the particle size distribution. Effective droplet 

disruption was achieved by exposing the droplets to high shear stress using a 

homogenizer that could have led to elevated temperatures of the emulsion. This 

may be detrimental to insulin, as it could have led to both physical and chemical 

degradation. Change in temperature and pH causes deamidation, oxidation, thiol- 

disulphide exchange, p -  elimination, cleavage, aggregation and isomerization / 

cyclization of a protein. Brange et al (1992) reported the influence of elevated 

temperatures on the formation of dimers and other polymerization products in 

insulin. In addition, high shearing force during homogenisation can lead to 

reversible or irreversible self-association of insulin. However, the results indicate 

that insulin was not degraded after processing. It can be deduced that excipients 

such as lactose (lyoprotectant), lecithin (surfactant) and buffer protected insulin 

monomers during manufacturing.

An altered composition of secondary structures of insulin has previously been 

reported when water in oil emulsion was formed by homogenization (Jorgensen et 

al., 2003). The author suggested that the exposure of insulin to the oil-water 

interface followed by homogenization could have led to altered distribution in the 

secondary elements, e.g. a-helix and p-sheet, measured by area overlap 

calculations of the infrared spectra. Non-polar side chains of proteins are more 

soluble in organic solvents than in water while hydrophobic interactions are 

weakened by organic solvents. This causes the protein to unfold and therefore there 

is loss of native structures. Considering the manufacturing process used in this 

chapter, there is a potential for insulin to be denatured while forming the water in 

oil emulsion. However, the results indicate that insulin was not denatured after 

processing. The possible explanation for this might be the protection of insulin from 

exposure to interfaces by lecithin (surfactant) in the emulsion. This is in agreement 

with Bam et al (1998) who reported the protection, by surfactants, of protein from 

interface-induced dénaturation.

175



Freezing was one of the critical manufacturing steps that could have caused damage 

to insulin. In this step the emulsion was frozen, subjecting the protein to increased 

concentrations of both protein and other additives from the formulation that could 

have led to aggregation of insulin (Eckhardt et al., 1991). Also, nucléation and 

crystallization of ice crystals formed during freezing could have disrupted the 

hydration shell of insulin molecules (Koseki et al., 1990). However, excipients such 

as lactose and lecithin that play the roles of cryoprotectant and lyoprotectant, are 

concentrated but not crystallized and therefore protected insulin from damage.

Low temperatures can also cause decreased solubility of the buffer salts, which 

eventually precipitate and separate, leading to significant change in pH. Freezing a 

buffered protein solution may selectively crystallize one buffering species, leading 

to pH changes. Changes in pH during freezing affects the rates of protein 

aggregation and chemical degradations (Wang, 1999). Extreme pH causes protein 

unfolding and dénaturation as charges in proteins increase the electrostatic 

repulsion (Dill, 1990). In addition, extreme pH can promote side chain hydrolysis 

and transpeptidation of asparagine and glutamine (Joshi et al., 2005) as well as 

racemization of many amino acids. High pH promotes cysteine disulfide exchange 

and oxidation of methionine and tryptophan. Moreover, pH also affects the rate of 

aggregate formation. However, the results indicate that insulin was void of 

aggregation and chemical degradation, suggesting that there were no significant 

changes in pH during the freezing process that could have lead to damage of 

insulin.

The low freezing temperature can perturb a variety of physicochemical properties of 

the proteins and the solvents during freezing, i.e. pKa of ionizable groups, the 

dielectric constant, surface tension, ionic strength and relative composition of 

solutes, and viscosity of the solvents (Fink, 1986). This could cause accelerated 

chemical reactions in the partially frozen aqueous solution due to increased solute 

concentrations (Pikal, 1999). Low freezing temperatures favour water-solute 

hydrogen binding while the hydrophobic interactions become weaker. The 

interactions between the amino acid side chains and polar groups of protein make
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the protein less folded (Franks, 1988). In addition, the oxygen concentration has 

been reported to be 1150 times higher in solution at -3  C than in solution at 0 C, 

which can significantly accelerate the oxidation of the sulphydryl groups in proteins 

if there are any contaminants (Wisniewski, 1998). However, the results 

demonstrated that insulin remained stable even after processing. Hence, insulin was 

protected from degradation induced by freezing that could have led to a rise in 

insulin-related impurity levels.

Shikama and Yamazaki (1961) reported a specific temperature range in which ox 

liver catalase was denatured during fi-eezing and thawing. Cold dénaturation of 

catalase at 8.4 pg/mL in 10 mM phosphate buffer (pH 7.0) started at -6  C, loss of 

catalase activity reached and remained 20% from -12 C to -75 C, decreased 

gradually from -75 C to -120 C, and then no activity loss was detected from -129 

C to -192 C. In contrast, the results presented here demonstrate that insulin 

remained stable under the processing conditions. This indicates that insulin was 

protected from cold dénaturation by the excipients used in the formulation.

Removal of the hydration shell during the drying process may denature proteins. A 

hydrated protein transfers protons to ionized carboxyl groups during dehydration 

consequently eliminating charges from the protein (Rupley and Careri, 1991). The 

decreased charge density may favour protein-protein hydrophobic interaction to 

cause protein aggregation. Removal of the functional water molecules during 

dehydration inactivates the proteins, for example, lysozyme loses its activity upon 

removal of those water molecules located in the active sites (Nagendra et al., 

1998). Dehydration during freeze-drying may also cause uneven moisture 

distribution in different locations of the product cake, which potentially causes 

over-drying and dénaturation in part of the product (Pikal and Shah, 1997). As no 

aggregation or degradation was demonstrated by the results obtained, it can be 

deduced that insulin was protected from degradation by the lyoprotectant (lactose) 

during drying.

The results have shown a stable pMDI suspension was achieved with the aid of 

citral or cineole. The mechanism by which citral or cineole stabilized the pMDI
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suspension was not investigated. However, it was hypothesized that these molecules 

(citral or cineole) have surface-active properties that enable them to stabilise a 

colloidal suspension. It is suggested that the non-polar end of these molecules 

orientate towards HFA 134a while their polar end orientate towards the 

nanoparticle. This is thought to be possible because insulin-containing nanoparticles 

are made up of hydrophilic materials while HFA 134a is hydrophobic. This is in 

agreement with Meziani et al (2000) and Meziani et al (1997) who have reported 

the co-surfactant properties of aldehydes and ketones. Using ternary systems of 

water/AOT/aldehydes and water/AOT/ketones, these authors have shown the 

realms-of existence of stable monophasic, transparent and isotropic systems that are 

indicative of co-surfactant behaviour of both aldehydes and ketones.

The tests on the aerosolisation characteristics of the compositions show that there 

was an optimal stabiliser level. At concentrations of stabiliser which are too high, 

there was an effect which decreased the HFA evaporation from the spray plume, 

which led to larger droplets with high mass and consequently higher levels of 

deposition in the throat. With very low stabiliser concentrations, the nanoparticles 

are inadequately dispersed, possibly leading to aggregation and, again, higher levels 

of throat deposition. With a ratio of 0.25 ml stabiliser per 100 mg of insulin 

containing nanoparticles the FPF<i 7 improved. In addition, it was also found that 

throat deposition decreased as the concentration of solid decreased, while FPF<] 

increased with decreasing solid concentration. However, after varying both 

stabiliser and solid concentrations in the formulation, FPF<i 7  was still low 

(approximately 23% w/w of emitted dose, section 4.4.8).

Initial studies in sections 4.4.8 and 4.4.9 indicates poor aerosol deposition profiles 

that are characterised by high throat deposition and low FPF<i 7 Efforts to 

improve FPF<] 7  were made by adjusting solids and cineole concentrations, 

however, approximately 20% w/w FPF<j 7  and 74% w/w throat deposition of 

emitted dose were achieved. The deposition profile of the nanoparticles was 

significantly improved (t-Test, p<0.05) when nanoparticles size was reduced from 

Zave diameter of 545.9 ± 12.7 nm to 346.7 ± 9.0 nm by inclusion of GMO. 

However, insulin was not detected in stage three of MSLI suggesting that insulin 

deposited in this stage could not be detected. This was unexpected result; however,

178



there was a possibility of nanoparticles aggregation during formulation processing 

as a biphasie system was formed and this may lead to such observation. The amount 

of insulin deposited as FPF<i 7 was increased from approximately 20% to 45% 

w/w of emitted dose while throat deposition was reduced from approximately 74% 

w/w to 37.5% w/w of emitted dose (section 4.4.10). This was a successful 

formulation as only 10 to 20% alveolar deposition is achieved when a typical pMDI 

formulation is used (Anderson, 2001), whereas in the present pMDI formulation 

approximately 45% w/w would be predicted to reach the alveolar region.

4.6 Conclusion

In conclusion, a freeze-drying process can produce bio-stable insulin-containing 

nanoparticles with the appropriate size for peripheral lung deposition. They are 

characterized by high retention of insulin native structural integrity and relatively 

narrow size distribution.

Essential oils (citral and cineole) can aid suspension stability of insulin - containing 

nanoparticles in the pMDI formulations using HFA134a as a propellant. The 

optimal pMDI formulation developed is characterized by high aerosol performance 

that may ensure adequate insulin dose reaches the target sites of the lung for insulin 

absorption into the circulatory system.
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Chapter 5
General Discussion and Future Research Directions
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5.1 General discussion and conclusions

Systemic delivery of proteins via inhalation is compromised by inefficient systems 

that are not capable of either delivering drug containing particles to the site of drug 

absorption (i.e. the alveolar region of the lung) or the drug/drug containing particles 

are eliminated prior to drug absorption. In addition, the stability of proteins during 

processing and storage is a great challenge while developing protein therapeutics. 

Protein therapeutics in the solid state may offer a longer shelf-life as they are more 

stable than their liquid state counterparts. Manufacturing and formulation of solid 

particulates containing proteins that are suitable for inhalation present many 

challenges, one aspect of which is protein instability during production of particles 

with desired physical characteristics. Also, the choice of formulation type is 

intrinsically linked with the delivery device and they need to be developed in 

tandem in order to achieve effective lung delivery of macromolecules.

In Chapter two, spray-drying technology has been explored as a potential way of 

producing formulations containing stable bioactive protein therapeutics. The 

technique was initially optimized using an excipient (lactose) only, with the 

operating conditions established based on the physical characteristics of the 

microparticles obtained. Spray-drying of lactose and lysozyme led to production of 

conventional microparticles with a geometric mean diameter of less than 2 pm. The 

microparticles are characterized with high retention of biological activity of 

lysozyme (up to approximately 93%).

Although these microparticles are within the range of inhalation and may provide a 

high deposition in the peripheral airways of the lungs, they are vulnerable to 

elimination by alveolar macrophages and this may significantly reduce the overall 

amount of drug reaching the circulatory system. Around 69% biological activity 

was retained when lysozyme was spray-dried without any excipient and 

consequently, a high amount of sugar (approximately 70% w/w lactose) was 

required to stabilize lysozyme during production of microparticles. Sugars can 

undergo ciystallization during storage and this would significantly destabilize 

protein leading to inactive drug. Large amounts of sugar reduced the concentration
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of protein in the formulation and therefore, less potent protein drugs will require 

large amount of powder to be inhaled to produce a pharmacological effect.

Glycation (Mailard reaction of reducing sugar with the primary amine of lysine) has 

been shown to increase with an increasing amount of reducing sugar in spray-dried 

protein formulations (Andya et al, 1999). Spray-dried formulations containing 

lactose and recombinant humanized anti IgE monoclonal antibody (rhuMAbE25) 

stored at 30®C for 9 months showed an acidic shift (glycation as determined by lEF 

and affinity chromatography). The shift was more pronounced as the ratio of lactose 

to rhuMAbE25 was increased in the formulation i.e. 100:1, 275:1, 600:1 (Andya et 

al, 1999). Thus, it was important to minimize sugar concentration in the formulation 

to minimize the above limitations.

To alleviate the limitations associated with conventional microparticles, two 

approaches were investigated in this work. First, large porous microparticles, 

produced by spray-drying emulsion, have been developed with the aim of 

improving the formulation (Chapter two). The large porous microparticles contain a 

high concentration of lysozyme (40% w/w) and an improved retained biological 

activity (around 99%) compared to the conventional microparticles produced 

initially. The large porous microparticles contained cholesterol and DPPC (40% 

w/w) in addition to lactose (20% w/w). Substitution of lactose with cholesterol and 

DPPC played an important role in the formation of the porous structure of the 

particles as well as in retaining the biological activity of lysozyme during 

processing. This approach was an improvement on the conventional microparticle 

formulation, as a significant reduction of lactose was achieved. Cholesterol and 

DPPC are endogenous excipients and may reduce the product development period 

as extended drug toxicology studies may not be required.

The large size of the porous microparticles can improve the dispersion properties of 

the powder, and increase the amount of drug deposited in the peripheral airways 

(Chew and Chan, 2002). In addition, the large porous microparticles can avoid 

alveolar macrophage clearance due to their physical size and subsequently may 

improve the amount of drug absorbed in the circulatory system. It is reported that
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the presence of DPPC in an aerosol formulation can improve the dispersion 

properties of microparticles (Cook et ah, 2005), can reduce alveolar macrophage 

clearance of the drug containing microparticles (Evora et ah, 1998) and these are an 

added advantages of large porous microparticles over conventional microparticles.

Lung deposition of large porous microparticles is dependent on the MMAD of the 

formulation produced (Dunbar et ah, 2002). The large porous microparticles 

containing lysoz)me produced in chapter two had a low MMAD (around 3.5 pm) 

and low GSD (approximately 2). Aerosol formulations that have larger MMAD (i.e. 

greater than 3 pm) require a low GSD as pulmonary deposition decreases with 

increasing GSD (Musante et ah, 2002). Large porous microparticles containing 

lysozyme had a GSD of approximately 2 and this suggested that a polydisperse 

(GSD > 1.2) system was generated (Taylor and Gumbleton, 2004). However, a 

GSD of approximately 2 and MMAD of approximately 3.5 pm are small enough to 

ensure peripheral lung deposition of the microparticles (Dunbar et ah, 2002; 

Musante et ah, 2002). Dunbar et ah (2002) did a comparative study between in vitro 

and in vivo lung deposition tests and the authors found that placebo formulations 

with MMAD of 3 pm led to around 59% w/w lung deposition of emitted dose while 

placebo formulations with 5 pm led to around 37% w/w lung deposition of the 

emitted dose. This suggests that the large porous microparticles containing 

lysozyme produced can result in an improved in vivo lung deposition.

Following the positive improvements achieved by producing lysozyme containing 

large porous microparticles, a direct substitution of lysozyme by insulin was 

investigated (Chapter two). This led to the production of large porous microparticles 

containing insulin. Aerosolization of the large porous microparticles using a 

Clickhaler® into an MSLI indicated that an emitted dose of approximately 0.5 mg 

insulin per actuation was achieved. These microparticles had a high FPF< 3  

(approximately 71% w/w of the emitted dose) and according to the work of Dunbar 

et al (2002), this indicated that the MMAD of these microparticles was below 3 pm. 

This would translate to high in vivo lung deposition as Dunbar et al (2002) have 

demonstrated that characterization of particle size distribution using MSLI operated 

at 60 1/min provides a good estimate of the mean in vivo deposition. However, 44%
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w/w (FPF<i 7 ^ )  was the fraction predicted to reach the alveolar region the target 

region for macromolecule absorption. HPLC study demonstrated that the insulin 

presented in the manufactured microparticles was not physically or chemically 

degraded. Therefore, it can be concluded that spray-dying of emulsions can lead to 

production of large porous microparticles containing insulin or lysozyme. These 

microparticles can successfully be formulated as a dry powder inhaler system to 

deliver protein to systemic circulation via inhalation.

The second approach that was investigated in this work was to develop 

nanoparticles containing protein therapeutics. Initially the production method was 

optimized using an excipient whereby process conditions were established based on 

the size of the nanoparticles manufactured. Freeze-drying of water in oil emulsions 

followed by washing of excess surfactant (lecithin) led to the production of lactose 

nanoparticles that were approximately 300 nm in mean size (Chapter three). 

Substitution of lactose with lysozyme led to a significant increase in the mean size 

of nanoparticles (from 300 nm to between 645 -  750 nm). This was due to the 

surface activity of lysozyme which altered the émulsification properties. However, 

the nanoparticles containing lysozyme had a low polydispersity index (less than 0.3) 

that indicated a monodisperse population was generated. The retained biological 

activity of lysozyme increased with increased lactose concentration in the 

formulation, and approximately 99% biological activity was retained when 20%w/w 

lactose was used. This was a significant increase of retained biological activity as 

only about 59% activity could be retained when lysozyme nanoparticles were 

produced in the absence of lactose.

However, there was a need to reduce the nanoparticles’ size and a change of solvent 

was considered. Dichloromethane was initially considered as a replacement for 

chloroform in the oily phase but this was not successful as it led to production of 

nanoparticles that were approximately 677 nm in mean size. A wider particle size 

distribution (polydispersity index = 1) was generated compared to the nanoparticles 

population produced when chloroform was used.
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Ethanol was the second solvent considered to replace chloroform. This changed the 

production process from émulsification to nanoprecipitation. This process was 

successful as the size of nanoparticles produced was significantly reduced 

(p<0.001) in size (mean approximately 275 nm) compared to nanopartieles 

produced when émulsification process was utilized. A monodisperse system 

(polydispersity index approximately 0.1) of spherical nanopartieles containing 80% 

w/w bioactive lysozyme (retained activity approximately 99%) was generated. The 

nanopartieles washed with ethanol containing DPPC, oleic acid or Span 85 (2% 

w/v) could readily be dispersed in HFA 134a without any further processing and a 

stable suspension was formed. Lysozyme remained stable (retained biological 

activity approximately 98%) even after the nanopartieles were suspended in HFA 

134a, and therefore a successful pMDI formulation for protein delivery was 

achieved.

Following the successful generation of pMDI formulations containing lysozyme 

nanopartieles, a direct substitution of lysozyme with insulin was attempted (Chapter 

four). A nanoprecipitation method could not be reproduced with insulin since the 

surfactant (lecithin) present in the oily phase solubilised insulin and a homogeneous 

solution was formed instead of well defined nanoprecipitates that could be freeze- 

dried. This led to re-optimization of the émulsification process which was a 

challenging task to undertake. Increasing lecithin concentration in the oily phase led 

to decreased mean size of nanopartieles (to approximately 545 nm). A 

monodisperse system (polydispersity index approximately 0.08) of spherical 

nanopartieles containing 80% w/w insulin was produced.

The insulin nanopartieles were successfully suspended in HFA 134a with the aid of 

essential oils (cineole and citral) to form pMDI formulations containing insulin 

nanopartieles. Both citral and cineole resulted in stable suspensions. However, 

formulations containing citral agglomerated faster (approximately 2 min) compared 

to formulations containing cineole (approximately 3 min). It was difficult to 

characterize formulations containing citral due to the presence of both stereoisomers 

(neral and geranial) in the formulation as they interfered with the results generated. 

Therefore cineole (as suspension stabilizer) was considered as a model essential oil
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and formulations containing cineole were further investigated as they were easy to 

characterize.

The SEC and HPLC chromatograms, compared to standard insulin, showed that the 

products were very similar to standard insulin, suggesting that insulin was not 

physically or chemically degraded during the formulation process. Far-UV circular 

dichroism spectra indicated that the secondary structures of insulin were retained 

after processing. There was no significant difference (p<0.05) between secondary 

structure composition of unprocessed (control material) and processed (from pMDI 

formulations) and the spectra were comparable.

Control insulin and insulin recovered following actuation of the pMDI formulation 

produced similar near-UV CD spectra, with a peak at around 275 nm. This 

indicated retention of tertiary structures of insulin after processing. This was 

confirmed from fluorescence spectra of insulin samples from the pMDI 

formulations before and after dénaturation with 6M guanidine hydrochloride, as 

compared with standard insulin under the same conditions.

The FPF produced by a pMDI depends on both device (valve design, metering 

volume, spray orifice diameter, and actuator design) and formulation variables (e.g. 

propellant composition, drug concentration, co-solvent content, and surfactant 

content). The scope of this thesis was limited to the investigation of formulation 

variables rather than device variables.

Drug and stabilizer concentrations in HFA 134a have been investigated but there 

was still a necessity to further re-optimise the size of the nanopartieles in order to 

improve FPF. Therefore, application of an anti-foaming agent and/or co-surfactant 

(glycerol monooleate) with the aim of reducing the nanopartieles’ size was 

considered. The size of the nanopartieles was reduced to a z-average diameter of 

around 346 nm when glycerol monooleate was added to the oil phase during the 

production of nanopartieles. These nanopartieles were used to formulate the 

optimized pMDI formulation containing insulin nanopartieles.
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Inhaled insulin preparations that are currently under development are eharaeterized 

by particles in micron range (Table 5.1) compared to insulin nanopartieles 

developed in this work. This suggests that a considerable improvement in 

pulmonary delivery of insulin can be achieved by developing pMDI formulations 

containing insulin nanopartieles.

Table 5.1 : Inhaled insulin preparations under development

Name Form of Particle size Maker
Insulin

Exubera Dry powder 3 pm Pfizer, Necktar
Air Dry powder 1 0 - 2 0  pm Eli Lilly, Alkermes

Technosphere Dry powder 2 -  5 pm MannKind
AERx iDMS Aerosol liquid 2 - 3  pm Novo - Nordisk

Insulin nanopartieles pMDI 346nm Current formulation
* Approved by the US Food and Drug Administration; all others are undergoing phase III trials

Further studies were performed investigating the aerosolisation properties of the 

optimized pMDI formulation containing insulin nanopartieles. The emitted dose per 

actuation was approximately 0.55 mg total solids that yield 0.44 +/- 0.04 

mg/actuation insulin, based on the insulin content in the nanopartieles being 80%. 

The formulation had around 45% insulin weight of emitted dose delivered as 

FPF<i 7 n̂r Therefore, it can be concluded that a successful pMDl formulation 

containing insulin nanopartieles that is capable of delivering insulin into the 

peripheral airways of the lungs may have been developed.

Chapters two and four have led to successful formulations (large porous 

microparticles and nanopartieles containing insulin) that can be used for delivery of 

insulin via inhalation. However, both systems are characterised by different 

physicochemical properties that are summarised in Table 5.2
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Table 5.2; Comparison of pMDI and DPI formulations containing insulin

Properties pMDI formulation DPI formulation
Particle design Nanopartieles Large porous microparticles
Insulin content (% w/w) 80 40
Emitted dose (as mg 0.44 ± 0.04 0.50 ±0.03
insulin)
Total inhaled solids per Approx. 0.55 mg Approx. 1.25 mg
dose
FPF<3 .inm (mg insulin Approx. 0.20 Approx. 0.36
per dose)
FPF<1 (mg insulin Approx. 0.20 Approx. 0.22
per dose)

Particles larger than 2 pm are more likely to deposit in the oropharynx or proximal 

bronchial tree instead of reaching the distal alveoli (Davidson et al., 2006). This 

suggests that DPI and pMDI formulations containing insulin are comparable in 

terms of FPF<, that represents the amount of insulin likely to reach the alveoli 

region and consequently get absorbed into the circulatory system. But, the 

disadvantage of DPI formulation compared to pMDI formulation is that more solids 

are required to be inhaled when DPI formulation is used compared to pMDI 

formulation in order to produced a comparable FPF<j 7^^ (Table 5.2). In addition, 

with the current campaign against cholesterol due to health issues, DPI formulation 

developed may be of lesser commercial significance compared to pMDI 

formulation counterpart.
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5.2 Future Research Directions

A. The use of cholesterol in the formulation containing large porous 

microparticles may have a commercial implication of the DPI formulation 

developed due to health issues associated with cholesterol. Application of 

phytosterols (plant steroids) that are regarded as inert compared to cholesterol 

may be a viable option. However, extended testing may be required to 

determine whether plant steroids can serve a similar role to cholesterol in the 

formulation of large porous microparticles. In addition, although plant 

steroids are inert, toxicological testing will be required to determine their 

safety upon inhalation.

B. Residual solvent in both DPI and pMDI formulations may arise from two 

sources: contamination with chloroform and dichloromethane during the 

production of nanopartieles and the spray-drying process where 

dichloromethane is used to form emulsions. Contamination with chloroform 

during the production of nanopartieles is expected to be insignificant as the 

nanopartieles are extensively rinsed after freeze-drying. Dichloromethane is 

classed as ‘solvents to be limited’ in the British pharmacopoeia (BP, 2003) 

with a permitted daily exposure (PDE) of 6.0 mg per day. Although residual 

dichloromethane was not determined in both formulations, an exposure of this 

magnitude is clearly not possible. However, residual dichloromethane can be 

determined using headspace analysis by gas chromatography (reviewed by 

B’Hymer, 2003) and if residual dichloromethane is high, elevated 

temperatures may be considered in the drying stages of both production 

processes.

C. Both DPI and pMDI formulations containing insulin have been successfully 

developed and tested using in vitro techniques. However, in vivo testing is 

required: (1) to further confirm the activity of insulin is retained, (2) to 

determine the efficiency of both delivery systems and, (3) to determine the 

safety of both products upon inhalation.
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D. Long term stability studies for both products are required: (1) to determine the 

long term stability of insulin in both formulations and, (2) to determine long 

term retention of aerosolisation properties of both products.

E. For the development of nanopartieles, the results have shown that a decrease 

of nanopartieles’ size leads to improved lung deposition. There is still a 

potential to develop ultrafme nanopartieles (<100 nm) and these may ensure 

high lung deposition. Ultrafine nanopartieles deposited on the epithelium of 

human alveolar and traeheo-bronehial airways can avoid both macrophage 

clearance and mucociliary transport to the larynx (Kreyling et al., 2006) and 

this may significantly improve the amount of insulin absorbed into the 

circulatory system. Production of ultrafine nanopartieles can be achieved by 

further improvement of nanoprecipitation or émulsification processes.
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A. Analysis of Insulin by HPLC

HPLC method for insulin analysis was modified from Kunkel et al (1997) and the 

conditions were set as shown in table Al. The method was improved by lowering 

the mobile phase pH to 1.9 using TFA acid so that a peak due to bovine insulin 

compound could be eluted (Figure Al).

Table Al: HPLC settings for insulin analysis

Component Setting

Mobile phase 50mM Sodium Sulphate buffer and acetonitrile (Ratio 70:30), 

pH = 1.90 adjusted using TFA acid.

Oven temperature 30“ C

Flow rate 1.0 ml/m in

Column Hichrom ODS 5pm, 4.6mm x 150mm.

Injection Volume 100 pL

Detector UV detector set at 214nm

9.00
'  "  I  '  '  
1 1 .00

■ ■ ■ I ■ ■ 
1 0 .002.00 5 .00 6.00 7.00 8.001 .00 3.00

Figure Al : Typical HPLC chromatogram showing a peak due to bovine insulin 
(Concentration = 10 pg/mL; retention time approximately 9 min).
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Selectivity was determ ined by allowing the solution containing insulin (standard) to 

degrade for seven days w hile stored at room tem perature. The solution was then 

analysed and extra peaks w ere observed due to insulin degradation (Figure A2).

s
s

(S (S IS
IS s IS IS IS

Figure A2; Typical HPLC chrom atogram  showing peaks due to insulin and its 
degraded compounds.

The sensitivity o f  the m ethod was determ ined and the limit o f quantification was 

found to be 2.0 pg insulin/mL. Calibration curve w as constructed by plotting the 

ratio o f  peak areas versus the concentrations o f  insulin (Figure A3).

193



600000

y = 56635% 

= 0.9998
500000

400000

300000

^  200000

100000

0

0 2 4 6 8 10 12

InsLilin (microgram/mL)

Figure A3: Calibration curve for Insulin

Accuracy was determ ined by calculating the relative standard deviation (RSD) o f  

peak areas o f  three consecutive standard injections o f  each data point used to 

construct the calibration curve. The RSD values were in the range o f  1.0 to 1.6 and 

they w ere within the range recom m ended by International Com m ittee on 

H arm onisation guidelines for content assay by HPLC.

The w orking standards concentration was selected to 10 pg/m L and the samples 

w ere typically diluted to below 12 pg/m L. A ll sample and standard solutions used 

in the entire w ork w ere freshly prepared to m inim ize variation.
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